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A B S T R A C T .
An in v e s t ig a t io n  has been made of the system  in  w hich town gas burns 
in  a h o r iz o n ta l  w ater-coo led  tube term inating  in  a v e r t i c a l  f l u e .  This 
system forms the b a s is  of h o r iz o n ta l  g a s - f i r e d  water b o i l e r s .  The 
primary v a r ia b le s  chosen fo r  the in v e s t ig a t i o n  w ere j -
1) Primary a ir  to  gas r a t i o .  Non-aerated flam es and aerated  flames a t
two le v e l s  of primary a ir  to  gas r a t i o .
2) Burner c h a r a c t e r i s t i c s ,  ( a )  For non-aerated f la m e s ,  th ese  were 
burner j e t  diameter and gas pressure behind the j e t ,
(b) For aerated  f la m es ,  th ese  were the burner tube diameter and the  
gas/prim ary-a ir  mixture v e l o c i t y ,
3) The amount of Excess a ir  en tra in ed  in to  the system .
4) Tube length .
In a d d it io n  the e f f e c t  of heat input was a l s o  in v e s t ig a te d  as a 
secondary v a r ia b le .
The r e s u l t s  are presented as a s e r ie s  of r e g r e s s io n  e q u a t io n s ,  to  
show the e f f e c t  of a l t e r in g  the s i g n i f i c a n t  primary and secondary v a r ia b le s  
upon:-
1) t o t a l  and r a d ia t io n  h ea t  t r a n s fe r  to  the whole tu b e ,
2)  heat tra n s fer  to  every  f o o t  len gth  o f  the w a ter -co o le d  h ea tin g  tu b e .
3)  le n g th  of v i s i b l e  flam e.
In a d d it io n ,  equations have been derived  r e l a t i n g  f lu e  h e ig h t  t o - tube
le n g th ,  heat input and the amount of a ir  en tra ined  in to  the tu b e .
I t  was. found th a t  the e f f e c t  of a l t e r in g  heat input was h ig h ly
s i g n i f i c a n t  but the primary v a r ia b le s  chosen seldom had a s i g n i f i c a n t
e f f e c t  upon the system over and above the e f f e c t  r e s u l t i n g  from the  
accompanying change in  h eat  in p u t.
INTRODUCTION
The system in  whioh f u e l  gas burning in s id e  a tube i s  used to  heat  
a surrounding f lu id  has been in  widespread use fo r  many years and a ; 
common example of i t  i s  the immersion tube-water b o i l e r .  Many 
v a r ia t io n s  are however p o s s ib le  thus the medium surrounding the tube 
may be e i th e r  l iq u id  or gaseous , the f u e l  may be burned e i th e r  as an: 
aerated or non-aerated flame in  a ir  su pplied  by n a tu ra l,  fo r o e d /o r  
induced draught and the tubes may be h o r iz o n ta l ,  v e r t i c a l / o r  in c l in e d  
and may a l s o  con ta in  in s e r t s  or b a f f l e s .  In  a l l  ca se s  heat i s  
tran sferred  to  the tube w a l ls  p a r t ly  by r a d ia t io n  from the flame and 
combustion produots and p a r t ly  by oonveotion .
The p r in c ip le s  of th e se  modes o f  heat t r a n s fe r  are w e l l  e s ta b l is h e d  
but the d i f f e r e n t i a l  equations by which they  are expressed  oannot in  
g en era l  be in tegra ted  u n t i l  numerical va lu es  can be a ss ign ed  t o  the  
various parameters p e r t in e n t  t o  the p a r t ic u la r  d e s ig n  o f  the system  
under c o n s id e r a t io n .  A comprehensive search  of the l i tera tu re ; ,  
summarised in  Part I of t h i s  t h e s i s  has shown th a t  v e r y  l i t t l e  i s  known 
about the values  of these  parameters and th a t  developments in  d e s ig n  
have been based e s s e n t i a l l y  upon accumulated ex p er ien ce .
I t  has th erefore  seemed n ecessary  to  carry  out sy stem atic  
in v e s t ig a t io n s  to  ob ta in  adequate experim en ta l data fo r  d e s ig n in g  such  
system s. Such in v e s t ig a t io n s  have a lr ea d y  been made by Saleh^ fo r  ?■ 
non-aerated town gas flam es burning in  a water-cooled" v e r t i c a l  tube ,
The p resen t work dea ls  w ith  the e x te n s io n  o f  th e s e  in v e s t ig a t io n s ,  to^ 
systems using  gas f  lames, w ith  and w ith o u t  a e r a t io n ,  in  a h o r iz o n t a l
2 .
water-booled  tube term inating  i n  a v e r t i c a l  f l u e .
The d es ig n  and soope of the exp er im en ta l programme adopted i s  
presented in  Part II* I t  i s  based t o  some e x te n t  upon the l i t e r a t u r e  
review . Part I I I  d e scr ib es  the experim enta l apparatus., p a r t  IY the  
prooedure and the methods ( i n  o u t l in e )  by which the r e s u l t s  were 
c a lc u la t e d . . Part V presen ts  th e se  r e s u l t s  and a d i s c u s s io n  of them
and f i n a l l y  the con c lu s ion s  drawn are s e t  out in  Part VI.
PART I
REVIEW OF LITERATURE 
This review i s  based upon experim enta l work oarried  out upon 
flames burning in  oombustion chambers o f  var iou s  types i n  whioh 
measurements were made of f a c to r s  a f f e c t i n g  h eat t r a n s fe r  from the  
flames and to - th e  combustion chamber. The f i r s t  few papers reviewed  
d ea l  w ith w ater-coo led  chambers and the r e s t  are of a more' g en era l  
nature .
Bone and M1 Court*' in  1910 a p p lied  the p r in c ip le  of "surface  
combustion" to  g a s - f ir e d  water b o i l e r  system s. Their e a r l i e s t  
experiments were made on a s in g le  s t e e l  tube 3 f e e t  long and 3 inohes  
in  d iam eter, which was packed w ith  granular fragments of r e fr a c to r y  
m ater ia l  tb' o a ta ly se  combustion. Coal gas and a ir  were admitted  
a t one end, w hile  combustion occurred on the su rface  of the r e fr a c to r y  
and was oomplete w ith in  5 inches of the p o in t  where the gases  entered  
the tube. The t o t a l  thermal e f f i c i e n c y  o f  the system was 8 7$h on a 
n e tt  heat input b a s is  and approxim ately  on a gross  h eat  input
/ b a s i s .
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3 .
b a s is .  Their e x p e r im e n ta l-r e su lt s ,  summarised in  F ig .  1*were ap p lied  in  
the development of the "Bonecourt" b o i l e r .
The main d isa d v a n ta g e 'o f  t h i s  type of system  i s  th a t  the high  
r e s is ta n c e  to  flow  . presented  by the r e fr a c to r y  paoking prevents the  use 
of a f lu e  to  produce natural draught and th e r e fo r e  a fa n  must be used 
e i th e r  to  blow in  the combustion mixture or e l s e  to  exhau st the f lu e  
gases.
Lindmark and - co-workers i n  1927 in v e s t ig a te d  h ea t  t r a n s fe r  from 
o i l  and s o l id  f u e l  flam es burning in  a . v e r t i c a l  c y l i n d r i c a l  chamber,
80 oms. in  d iam eter, composed of  s i x  vrater-cooled s e c t io n s  one on top  
of the other- iSach of the f i v e  lower ‘ s e c t io n s  was 80 cms. h igh  and the  
top s e c t io n  66 cms. h ig h .  The heat g iv e n  up to  each s e o t io n  was 
measured from the q u a n tity  ai^ - temperature r i s e  of the water f low in g  
through i t .
Attempts were a l s o  made t o  measure the temperature a t  var ious  
points along the length  of th e  flame# using  b o th -sh ie ld e d  thermocouples  
and an o p t ic a l  pyrometer# hut th ese  did not y ie ld  very  accurate  r e s u l t s *  
Subsequent ca lcu la t io n s -  o f 'f la m e  temperature made from a knowledge o f  
l o c a l  heat tra n sfer  co n d it io n s  are su b je c t  t o  doubt as no allowance w ash  
made fo r  oblique r a d ia t io n  w ith in  the combustion chamber. N e v e r th e le s s ,  
Lindmark was able to  e s t a b l i s h  th a t  fo r  o i l  f lam es, s o o t  p a r t i c l e s  
formed by p a r t ia l  combus t i o n  of hydrocarbons evaporated from the o i l  
d r o p le t s , con tr ib u te  the bulk of the heat tr a n s fe r r e d  by r a d ia t io n .
By assuming th a t  th ese  p a r t i c l e s  were present as opaque spheres., he 
estim ated  t h e ir  maximum radius t o  be 1 -
D esigners have been a b le  to. use th ese  c o n c lu s io n s  f o r  improving
/r a d i a n t
4.
radiant: heat tra n sfer  in  steam b o i l e r s .  However the experim enta l r e s u l t s  
them selves oannot be app lied  to  p r e d ic t  e f f i c i e n c y  of heat tr a n s fe r  on a
b o i le r  whose shape and dimensions d i f f e r  from th o se  used by Lindmark.
' . 4I n v e s t ig a t io n s  have been conducted by the American Gas A ss o c ia t io n
upon the fa c to r s  governing the e f f i c i e n c y  of heat t r a n s fe r  from aerated
natural-gas  flames burning in  w a ter -ja ck e ted  h o r iz o n ta l  tubes term inating
in  v e r t i c a l  f l u e s .  The fa c to r s  considered  were the ra te  of h ea t  input*
tube length and d iam eter , type of burner and the e f f e c t  of b a f f l e s  in  the
tube.
The water in  the ja c k e t  was kept a t  b o i l in g  p o in t  and the thermal 
e f f i c i e n c y  was estim ated  from the temperature and heat co n ten t  of the f lu e  
g a s e s .  The natural gas used had a gross c a l o r i f i c  va lue of 1120 BTU/cuft  
and excess  a ir  was maintained a t  approxim ately  2Q?o by s u i t a b le  r e s t r i c t i o n  
of the f l u e .
I t  was found th a t: -4
1) the thermal e f f i c i e n c y  increased  w ith
a) .Increase of tube len g th .
b) Decrease of heat input.
c )  the in trod u ction  o f  b a f f l e s .
2) For a predetermined heat input r a te ,  varying the tube diameter  
between J  inch and 6 inohes had no s i g n i f i c a n t  e f f e c t  upon the  
thermal e f f i c i e n c y .
3) The type of burner used had no e f f e c t  upon the thermal e f f i c i e n c y
out much higher gas input r a te s  w ith  good combustion were obtained.
writh a pressure burner than w ith  an atmospherio i n j e c t i o n  type  
burner.
Thermal e f f i c i e n c i e s  ranging from 60 to  85 per cen t  were obtaifled,
/and
and the r e s u l t s  of a l l  experiments were co r r e la te d  to  g iv e  t h e ' e q u a t io n : -
E f f ic i e n c y ,  % = 20 log L2 -h 71
R
where L -  tube length , f e e t
& R = heat in p u t,  1000 3.T .U . per hour
S a leh 1 in v e s t ig a te d  heat t r a n s fe r  from luminous ooa 1-gas flam es  
burning in  a w ater-coo led  v e r t i c a l  tube . His apparatus, based to  some 
ex ten t  on that of Lindmark. c o n s is te d  of a number of tubes,  2 inches i n  
diameter and 1 fo o t  lon g , each surrounded by a water ja c k e t  These 
were assembled c o a x i a l ly  one on top  of the other to  form a oomplete  
v e r t i c a l  tube. S ig h t in g  tubes were f i t t e d  in  l i n e ,  r a d i a l l y ,  through
the annular space between the outer  ja ck e t  and the inner tube a t  such
d is ta n ces  as to  be 6 inches apart in  the assembled apparatus.
He carried  out a f a c t o r i a l  group of 54 experiments upon the  
apparatus, as o u tlin ed  in  the fo l lo w in g  t a b l e i -
u.
V ariable Tuoe Gas Jet D istance  from j e t  t o
Le ngth Pressure Diameter lower end of tube
Ho of leve Is
in v e s t ig a te d 3 3 3 2
Values of I 4 f t . 0 .5  in .w .g . 0 .189  in . 4 in .
le v e ls  1
in v e s t ig a te d 5 f t . 1. 0 in .w .g . 0 .166  in . 1 in .
6 f t . 1.5 in .w .g . 0 ,144  in .
In each experiment measurements were made of the heat tr a n s fe r  to  
each fo o t  length  of tub e, the len g th  o f  v i s i b l e  f lam e, the amount of  
a ir  entra ined  ( in fe r r e d  from f lu e  gas a n a ly s i s )  and the temperature and 
e m is s iv i t y  o f  the flame along i t s  len g th .  The l a s t  two measurements
/w ere
s. -
were made usin g  the method of Schmidt5! and from them the r a d ia t io n  heat  
t r a n s fe r  was c a lc u la t e d .  By su b tr a c t in g  t h i s  from the t o t a l ,  the  
con n ective  heat t r a n s fe r  was determined.
Flue gas temperatures were measured using  a su o t io n  pyrometer, but  
th ese  cannot be regarded as w h o lly  r e l i a b l e  beoause the instrum ent used 
had a high thermal c a p a c i ty  and the  gas v e l o c i t y  o f  200 f t ,  per second  
p ast the thermocouple was not h igh enough.
Equations were deduced r e l a t i n g  a l l  th ese  p ro p er t ie s  excep t  flame  
temperature and e m is s iv i t y  to  the four v a r ia b le s .  No eq uations were 
obtained fo r  flame temperature and e m is s iv i t y  but the e f f e c t  upon them 
of changing each of the four v a r ia  >les was d is c u s se d .  Changes in  the  
tube length  and j e t  diameter v*rere found to  have the g r e a t e s t  e f f e c t  
upon th ese  p r o p e r t ie s ,  w h i l s t  the e f f e c t  of changing the s e p a r a t io n  was 
not s i g n i f i c a n t ,  or was b a re ly  s i g n i f i c a n t ,  in  most c a s e s .
Flame temperatures were found to  be i n  the range 9OQ-135O0C. These 
va lu es  are lower than might be p red ic ted  t h e o r e t i c a l l y  due to  the fa o t  
th a t  the Schmidt method g iv e s  a mean temperature across  th e  flame and 
a l s o  to  the c h i l l i n g  e f f e c t  which the w a ter -co o led  w a l ls  have upon the  
flam e. E m is s iv i t i e s  measured ranged from .03 t o  ,1 4 ,  and the r a d ia t io n  
h e a t  t r a n s fe r  from the flame was from 26 to  55)o of the t o t a l  output.
A fu r th e r  d i s c u s s io n  of Saleh  s work i s  g iv e n  in  Part V.
In an account of in v e s t ig a t io n s  ca rr ied  out by B.C.U.R.A,. and other
o rg a n isa t io n s  upon the performance of c o a l - f i r e d  ’f i r e  tube' b o i le r s
such as Lancashire and Economic b o i l e r s ,  Gunn rep orts  th a t  an eq uation
has been derived  s t a t i s t i c a l l y  r e l a t in g  t h e ir  e f f i c i e n c y ,  y  > to  ex ce ss
a ir  percentage E, and the ra te  o f  heat t r a n s fe r  per square f o o t  per
/h o u r .
7. ,
hour, L, i . e .
*CJ *  86 .8  -  0 . 00139L -  0.0531E -  0 .000014 LE 
From t h i s  equation  i t  w i l l  be n o ticed  th a t
1) b o i le r  e f f i c i e n c y  d ecreases  w ith  in crease  of load .
2) t h i s  e f f e c t  i s  more marked a t  h igh  percentages of e x c e ss  a i r .  
lie concludes th a t  i t  may be econ om ica lly  worth w h ile  fo r  a g iv e n
steam output to  operate a number o f  b o i l e r s  w ith  a l i g h t  load ( i . e .  a 
low ra te  of h ea t  t r a n s f e r ) than to  in cr ea se  the load on a l e s s e r  number 
of b o i l e r s .
8Sherman in v e s t ig a te d  flame tem perature, r a d ia t io n  and the  
progress of combustion from p re-aerated  non-luminous flam es and 
p ost-a era ted  luminous flarnes i n  an exp erim enta l r e f r a c t o r y  b r ic k - l in e d  
fu rn ace ,  14 f e e t  long and 3-g- f e e t  in  in t e r n a l  d iam eter. F u el and a i r  
inputs were c o n tr o l le d  and heat in p u ts  up to  2 m i l l i o n  B .T .U .s  per hour 
were u se d .
At a number o f p o in ts  a long  the length  of  the furnace measurements 
were made o f :-
1) Temperature d i s t r ib u t io n  a cr o ss  the flame using  bare platinum  
therm ocouples. As the furnaoe w a l ls  were h o t ,  i t  was assumed 
th a t  errors  in  temperature measurements would be v e r y  sm a ll .
2) R ad ia tion  from var ious  th ic k n e s s e s  o f  flame u s in g  a diaphragm 
therm opile and a w ater -o o o led  b lack  t a r g e t  which cou ld  be 
in se r te d  in  the flame to  d i f f e r e n t  d ep th s .
3) Gas a n a ly s i s .
/H is
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His r e s u l t s  are summarised b r i e f l y  in  the fo l lo w in g  t a b l e : -
Type of Flame Hon-luminous Semi-luminous Luminous
Flame Temp.°C 1300 -  1500 1000 -  1300 900 -  1400
D istance from 
Burner o f  Peak 
Temperature. 3 f t .  6 i n s . 7 f t .  6 i n s . 12 f t .
R e la t iv e  
E m is s iv i t i e s 0 .3 0.5 1
R e la t iv e  Total 
R adiation ! 0 .3 0 .2 1
Attempts t o  r e l a t e  amiss rarity to  flame th ick n ess  f a i l e d  because
a )  the flames were s tr o n g ly  s e l e c t i v e  r a d ia to r s  due to  the presence of 
COrj and HgO, and th ere fo re  hot "grey”3*,
b) gas temperature and com posit ion  across  the flame were not uniform*
He concluded th a t  the c h i e f  advantage of luminous uver non-luminous 
flam es i s  t h e ir  more uniform r a te  of heat r e le a s e  a long the le n g th  of  
the- f lam e. From h is  r e s u l t s  i t  can  be estim ated  th a t  fo r  3 - in oh  
diam eter non-luminous f la m es ,  l i k e l y  t o  be encountered in  the
experim enta l work d escr ib ed  l a t e r , the e m is s iv i t y  should be about 0*02
9 •Trinks and K e ller  in v e s t ig a t e d  the f a c t o r s  a f f e c t i n g  the
e m is s iv i t y  of natu ra l gas flam es in  a hot w a lled  chamber. -E m is s iv i ty
was determined from r a d ia t io n  measurements, made w ith  a t o t a 1 - r a d ia t io n
/pyrom eter
x A grey  flame i s  d efined  as having ah e m is s iv i t y  l e s s - t h a n  u n ity  and 
independent of wave length  and tem perature.
pyrometer s igh ted  across  the whole flame w idth  a t  a w a ter -co o led  t a r g e t ,
and tem peratures, which were measured w ith  sheathed therm ocouples.
They found th a t  e m is s iv i t y  in creased  w ith
1} Decrease o f  ex ce ss  a i r .
2 )  Increase  of a ir  p reheat.
3 )  Deorease o f  gas preheat.
4 )  Increase  in  burner diameter and consequent deorease o f  gas  
v e l o c i t y  fo r  the same gas r a t e .
They concluded th a t  f a c to r s  which favour cracking and deorease  
mixing of the f u e l  in c r e a se  e m is s iv i t y .
De Malherbe‘S  in v e s t ig a te d  th e  e f f e c t  o f  gas r a te  and burner .jet 
diameter on town-gas f la m es .  lie d is t in g u is h e d  th ree  typ es  of f la m e s ,
i . e
1) ‘D if fu s io n ^  flam es in  which flame le n g th  in o re a ses  w ith  in cr ea se  
o f  gas r a t e .
2 )  ♦ T r a n s it io n ’ f la m es .
3) f Turbulent’ flame s i  n which f la m e - le n g th  does not vary  w ith  
ohange of gas r a te  but in c r e a se s  w ith  in c r e a se  o f  burner j e t  
diam eter.
For both d i f f u s i o n  and tu rb u len t  f la m e s ,  r a d ia t io n  e f f i c i e n c y *  did  
not vary w ith  gas r a te  b u t- in crea sed  w ith  in cr ea se  o f  J e t  d iam eter , 
R adiation  e f f i c i e n c y  fo r  t r a n s i t i o n  flam es was found t o  be lower than  
fo r  d i f f u s io n  o r - tu rb u len t  f  lames? • <.* lo
x R a d ia t io n  e f f i c i e n c y ,  % -  Heat output^by r a d ia t io n  *  100
T o ta l  Heat in p u t
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The in v e s t ig a t io n s  of the Flame R ad ia tion  Research J o in t  Committee
11,12
have been reported  m  d e t a i l  and have a l s o  been the su b je c t  of numerous
• 1$reviews and a r t i c l e s  of which th a t  of Thring i s  the  most r e c e n t  and 
comprehensive.
In h is  in tr o d u c t io n ,  Thring e x p la in s  th a t  w h i l s t  non-luminous 
r a d ia t io n  in  furnaces oould be c a lc u la te d  from published d a ta ,  . 
i n s u f f i c i e n t  data are a v a i la b le  fo r  luminous r a d ia t io n ,  whioh i s  
u s u a l ly  s e v e r a l  tim es g rea te r  than  non-luminous r a d ia t io n .  Because 
luminous r a d ia t io n  depends e s s e n t i a l l y  on the presence o f  so o t  
p a r t ic l e s  r e s u l t in g  from incom plete oombustion o f  hydrocarbons, formulae 
for  p r e d ic t in g  i t  can only  be obtained by experiments on a o t u a l ly  
burning flames in  which the f u e l  i s  subjected  to  the same c o n d it io n s  as 
i t  would experience  in  an a c tu a l  fu rn aoe . For t h i s  reason , experiments  
to  develop  formula fo r  p r e d ic t io n  were oarried  out in  a n ea r ly  fu l^  
s i z e  fu rn ace .  A second important aim of the work was to  in d ic a te  what 
q u a n t i ta t iv e  ohanges could  be made to  in cr ea se  flame lu m in o s ity  or $ 0  • 
a l t e r  the flame c h a r a c t e r i s t i c s  i n  other a s p e c t s ,  suoh as changing i t s '  
le n g th .  --
In order to  p r e d ic t  luminous r a d ia t io n ,  Thring su g g ests  th a t  i t  
i s  necessary  to  know a l l  about three in te r a c t in g  p r o c e s s e s : -
1. the heat balance process ,  which d ec id e s  the temperature o f  the  
flame a t  any p o in t  a long i t s  le n g th ,
2 . the combustion p rocess ,w h ioh  d ec id es  how much h ea t  has been  
r e le a s e d .
3. the so o t  forming process ,  which d eo id es  the e m i s s i v i t y  o f  the  
f lam e.
/E q u ation s
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Equations oan be deduced fo r  the f i r s t  two p rocesses  but the th ir d  
s t i l l  req u ires  e v a lu a t io n .  This process can be expressed  as the equation^-
where K = s p e c i f i c  luminous e m is s iv i t y  oms" a t  a p o in t  P on the flame axos. 
t  = time fo r  f u e l  to  pass from burner to  p o in t  P.
tg-' time fo r  f u e l - t o  pass from the burner to  p o in t  on the a x is  where 
the mixture i s  s to ic h io m e tr ic .
T0= c h a r a c t e r i s t i c  temperature of the flame e g .  peak temperature
h/hen a s u f f i c i e n t  range of va lu es  of a l l  the independent v a r ia b le s  has 
been in v e s t ig a te d  * f u l l  formulae w i l l  be a v a i la b le  fo r  c a l c u la t in g  luminous 
r a d ia t io n .  The review  g iv e s  the e x te n t  to  which t h i s  aim has been  
achieved, togeth er  w ith  such p r a o t io a l  su g g e s t io n s  as to  ways o f  improving 
flames fo r  various purposes as have a r i s e n  from the work.
So far  the resea rch  has been oonfined  alm ost e n t i r e l y  to  tu rb u len t  
j e t  d i f f u s io n  f la m e s ^ i .e .  flam es in  whioh the f u e l  stream i s  p ro jected  
w ith  a high energy in to  a oombustion chamber and th ere  en tra in s  and mixes 
w ith  com parative ly  slow moving a i r ,  p r im a r i ly  as a r e s u l t  of i t s  own 
energy.. The main apparatus used was a hot w a lled  furnaoe a t  Ijmuiden,
2 metres square in  cross  s e c t i o n  and 8 metres long . The flame was f ir e d  
along the h o r iz o n ta l  a x is  o f  the furnace and examined through s l o t s  in  the  
s id e  w a l l s .  A c e r t a in  amount of work i s  a l s o  being ca rr ied  out i n  
Stockholm*on Landmark’ s co ld  w a l l  fu rn aoe , p r e v io u s ly  d e scr ib ed .
on the a x i s . 
r carbon/hydrogen r a t i o  o f  f u e l
H
/The experiments
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The experiments a t  Ijmuiden were o f  two t y p e s : -
1, Performance T r ia ls .  These c o n s is te d  o f  a large number of
experiments in  which a large  number of flame s e t t i n g s  were examined
rather s u p e r f i c i a l l y  by measuring the e f f e o t i v e  o v e r a l l  flame
5
r a d ia t io n  and temperature by the Schmidt method.
2 . Combustion Mechanism T r ia ls  in  which fo r  a few flam e s e t t in g s  . the  
f u l l  inner c o n d it io n s  o f  the flame were in v e s t ig a te d  usin g  probes 
to  measure the v e l o c i t y ,  gas com p osit ion , s o o t  q u a n t i ty ,  lo o a l  
r a d ia t io n  and gas temperature a t  p o in ts  on a h o r iz o n t a l  plane  
through the flame a x i s .
D e ta i l s  o f  the performance t r i a l s  are as fo l lo w s  
1 s t  Performance T r ia l
V a r ia b le s . C o n c lu s io n s .
cP itoh  c r e o so te  (— z  15 j gave a h igher
F u el o i l  v s .  p itch  c r e o s o t e .  e m is s iv i t y  and higher i n i t i a l  r a d ia t io n
/C
steam v s .  a ir  a to m isa t io n .  than f u e l  oilv™ = 9 ; .  A tom isation  w ith  a irri
q u a n tity  of a tom ising  agen t .  gave a h igher peak r a d ia t io n  than w ith  
q u a n tity  of f u e l .  steam; in c r e a s in g  the f u e l  q u a n tity
q u a n tity  o f  excess  a i r ,  r e s u lte d  in  a h igher temperature a t  the
end of the furnaoe and a consequent  
decrease  i n  thermal e f f i c i e n c y .
2nd Performance Tria 1
V a r ia b les . C o n c lu s io n s .
5 commercial burners The most s u i t a b le  burner would be tne
were compared which gave the h ig h e s t  e f f i c i e n c y  fo r
con vertin g  the energy o f  the a tom is in g
/a g e n t
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V ariab les  . Con clu s ion s
agent in to  j e t  momentum of the combined 
atom isin g  agent and o i l  stream , The use  
of a burner of t h i s  type would enable a 
g iv e n  .jet momentum t o  be produced w ith  
ap p rec iab ly  l e s s  steam thus reducing the  
lowering of flame temperature by steam.
3rd, 4 t h & 5th  Performance Tria l s
Va r i a b l e s . C o n e lu s io n s .
Coke oven gas alone y i e ld s  an a lm ost non- 
The r a t i o  of l iq u id  f u e l  luminous flame ( e m is s iv i t y  = 0 ,2  -  0 .3 5 ) .
( o i l  or p itch  c r e o s o te )  to  In creas in g  the l iq u id  f u e l  in c r e a se s  the
coke oven gas . e m is s iv i t y  of the flame up to  a maximum of
0 .9 5  fo r  70o p i t c h  c r e o so te  or 80/t f u e l  
o i l .
6th Perf ormance T r ia l .
V a r ia b le s . C o n c lu s io n s .
C
C reosote (^ = 11) gave a flame of h igher  
The use of c r e o so te  and e m is s iv i t y  and d i e s e l  o i l  (^  = 6 .5 )  gave a
d i e s e l  o i l  as f u e l s ,  flame o f  lower e m is s iv i t y  than f u e l  o i l .
Two combustion mechanism t r i a l s  have so fa r  been ca rr ied  out. In
the f i r s t  t r i a l ,  two flam es were compared* The same ra te  of heavy f u e l
was maintained fo r  both but the f i r s t  flame had a low q u a n t i ty  of steam as
atom ising agent and a low ex cess  a ir  r a te  w h ile  the second flame bad a
high q u a n t ity  of a ir  as a tom is in g  agent and a h igh  e x c e ss  a ir  r a t e .  The
main r e s u l t  of the t r i a l  was to  provide c r i t e r i a  fo r  comparing a c t u a l
/e x p e r im e n ta l
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experim ental data -with data from model experim ents.
In the seoond combustion mechanism t r i a l ,  which i s  the most re c e n t  o f  
the whole s e r i e s ,  5 flames ranging from coke oven gas t o  heavy f u e l  o i l  
were su b ieoted  to  a n a ly s is  fo r  s o o t  c o n cen tra t io n  on the flame a x i s .  The 
u lt im a te  r e s u l t s  of t h i s  t r i a l  are not y e t  p u b lish ed .
Thring ooncludes the review  with' a b r ie f  res ta tem en t o f  the p r in c ip a l  
e f f e c t s  fo r  which r e s u l t s  have been obtained so f a r : -
1. The e f f e c t  o f  j e t  momentum and mixing upon flame le n g th .  This has 
led to  the development of improved types of burners.
2. The e f f e c t  of l iq u id  f u e l  a d d i t iv e s  i n  in c r e a s in g  the lu m in o s ity  of  
non-luminous coke oven gas f la m es .
3. The lo s s  of lu m in o s ity  r e s u l t in g  from the use of h igh  j e t  momenta.
4 .  The v a r ia t io n  of s p e c i f i c  luminous e m is s iv i t y  (K in  the above 
eq u ation )  w ith  d is ta n c e  along the flame and to  a l e s s e r  e x te n t  flame  
len g th .
5. The e f f e c t  of the Carbon/Hydrogen r a t i o  of f u e l .
15.
PART II
DESIGN AMD SCCPE CP EXFERIIvENTAL PROGRAMME.
From the fo reg o in g  survey , i t  i s  apparent th a t  very  few in v e s t ig a t io n s  
have been c a r r ie d  out on immersion heat appliances,,  n otw ithstanding t h e i r  
widespread use . Both aerated  and non-aerated flam es are used in  th ese  
appliances and w hile  there are no published data t o  su g g e s t  which type of  
flame w i l l  g ive  the h igher thermal e f f i c i e n c y  under d i f f e r e n t  c o n d it io n s ,  
i t  has been reported  th a t  non-aerated luminous flam es g iv e  a more uniform  
heat r e le a s e  than aerated non-luminous f la m e s ?
In the p resen t work, i t  was planned to  in v e s t ig a t e  and compare both  
types of flames burning in  an immersion h ea t in g  tube and to  make the  
fo l lo w in g  measurements:-
1) Heat t r a n s fe r  through eaoh f o o t  len gth  of the h ea t in g  tube.
2 )  Total heat tr a n s fe r  through the e n t ir e  length  o f  h ea tin g  tu b e .
3 )  Length of the v i s i b l e  f lam e,
4) R adia tion  heat tr a n s fe r  from the flam e.
5 j E m iss iv ity  and temperature o f  the flame along i t s  length  (where 
p r a c t ic a b le ).
6) Length of f lu e  n ecessa ry  to  produce s u f f i c i e n t  draught fo r  any 
predetermined f u e l  and a ir  in p u ts .
I t  vms a l s o  intended to  c a l c u la t e  the co n v ec t iv e  h ea t  t r a n s fe r  as the  
d if fe r e n c e  between the t o t a l  and the r a d ia t io n  h ea t  t r a n s fe r .
Because c e r t a in  fe a tu r e s  of combustion such as luminous r a d ia t io n  and 
e m is s iv i ty ,  have been shown to  depend e s s e n t i a l l y  upon the c o n d it io n s  under
/w h ich
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which they  are produced and cannot be s c a le d ,  i t  was decided t o  use a f u l l  
s c a le  apparatus. This presented  no c o n s tr u c t io n a l  d i f f i c u l t i e s .
F i r s t  S e r ie s  of Experim ents*
The apparatus con stru cted  c o n s is te d  b a s io a l l y  of a h o r iz o n ta l  watbr-  
cjooled tube of 3 inches d iam eter . This diameter i s  a va lu e  oommonly 
used in  in d u s t r ia l  a p p l ia n c e s .  The gas burner f i r e d  in to  the tube froih 
i t s  lo c a t io n  a t  one end, w h ile  the other end of the tube term inated  in  a 
v e r t i c a l  f l u e .  The 3 - in c h  tube passed thrdugh a number of  open-topped  
tanks which were jo ined  e n d -to -en d .  Pairs of h o r iz o n ta l  s ig h t in g  tubes 
arranged op p osite  eaah other a t  r ig h t  a n g les  to  the a x i s  o f  the 3 -inoh  
tube passed through the s id e s  o f  th ese  tanks to  the inner tub e, a t  6 - in c h  
in t e r v a l s  along i t s  le n g th .  I t  was intended to  use th ese  s ig h t in g  tubes  
fo r  measurements of the flame p r o p e r t ie s ,  but, due t o  buoyancy e f f e c t s ,  
the a x is  Of the flame was found to  be l i f t e d  above the a x is  o f  the 3-inoh  
tube. Consequently in  t h i s  s e r i e s  of experiments i t  was not p o s s ib le  to  
make r e p r e se n ta t iv e  in v e s t ig a t io n s  through the a x is  o f  the flame and the  
apparatus was on ly  used fo r  measurements ( 1 ) ,  ( 2 ) ,  ( 3 )  and ( 6 ) .
I t  w as  decided  to  perform experiments according to  a f a c t o r i a l  plan  
in  order to  provide the maximum in form ation  about th e  system fo r  a 
l im ite d  number o f  experiments and to  f a c i l i t a t e  a s t a t i s t i c a l  assessm ent  
of the tru s tw o rth in e ss  of any r e s u l t s  ob ta ined . This p lan  would a l s o  
g iv e  in form ation  on the e x te n t  o f  in t e r a c t io n  of the f a c to r s  in v e s t ig a t e d .  
The la t t e r  i s  of importance when the e f f e c t s  o f  th e s e  fa c to r s  are  
p a r t i a l l y  interdependent* By carry ing  but experiments in  a random order 
the p o s s i b i l i t y  was avoided o f  measured e f f e o t s  having a sy ste m a tic  b ia s
due to  uncontrolled  v a r ia t io n s  i n  the c h a r a c t e r i s t i c s  of the apparatus.
/S u ch
Such v a r ia t io n s  could a r i s e ,  fo r  example, from s c a l in g  on the f lam e- or 
w a ter -s id e  of the heating  tu b e .  Randomisation a l s o  allowed fo r  
v a r ia t io n s  in  the com posit ion  of town gas and fo r  f lu c t u a t io n s  in  i t s  
o a l o r i f i c  v a lu e ,  permitted by s ta tu to r y  r e g u la t io n s ,  of ' - 2 5  B.T.U. per 
cubic f o o t  about a s ta tu to r y  mean of 500 B.T.tJ. per cubic f o o t .  
Randomisation was not a b so lu te  as experiments were f i r s t  grouped in to  
pairs having the same j e t  or burner tube diam eter, and the pa irs  were then  
randomised.
Two fundamental types of burner, aerated  and non-aerated , were used.  
For the aerated burner:-  
Volume of Gas and Primary Air Mixture
= Gas Rate( 1-f-Primary Air to  Gas R a t io )
2= Mixture V e lo c i t y  x 7T x  (Burner Tube Diameter)
4
0
i . e .  Gas Rate = Constant x Mixture V e lo c i t y  x (Burner Tube .Diameter)
jpTf Primary Air to  Gas Rati"o^
For the non-aerated burner;-
' p  .
Gas Rate Constant x (Burner J e t  Diameter) ^Gas Pressure
The burner c h a r a c t e r i s t i c s  were made the e x p l i c i t  independent  
v a r ia b le s  as t h i s  perm itted t h e ir  d i r e c t  e f f e c t s  on the fundamental 
system to  be a s c e r ta in e d ,  and a l s o  allowed for  a subsequent s t a t i s t i c a l  
a n a ly s is  of the e f f e c t  of ga 3  r a te
The follovtring burner c h a r a c t e r i s t i c s  were in v e s t ig a te d ; -  
Aerated Burner'.
(a )  Primary a i r  to  gas r a t i o  (by volume)
(b) Burner tube d iam eter.
(o )  A ir /gas  mixture v e l o c i t y .
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TABLE Is DETAILS OF THE INDEPENDENT VARIABLES INVESTIGATED,
GAS RATE (High Value)  
GAS RATE (Low Value )
VARIABLE. . LEVELS VALDES.
Aerated Burner
Primary Air  
to  Gas R a tio 1 .4  and
0.8
0.75  and 
1 inoh
Burner Tube 
Diameter 1.8
Excess Air
9,12  and 
15 f t / s e c
Mixture 
V e lo c i t y 1.7
6 .9  and 
12 ft.*-
Tube
len gth
Primary a ir  
to  Gas R atio
Gas
Pressure and 2 ,5  in s .  w .g ,
0 .166" ,  
0.189 and 
0.29"
2.2
20, 60 
and 100/*
Excess Air
andTube
Length 12 f t
Non-aerated Burner.
(d j  Burner j e t  d iam eter.
( e ) Gas pressure behind the burner j e t .
In each of the experiments in v o lv in g  aerated flam es the ga$ and 
primary a ir  r a te s  could  be c a lc u la te d  beforehand from the appropriate  
valu es  of (a ) , '  (b )  and ( c ) taken. In experiments w ith  non-aerated f lam es ,  
the va lu es  of (d ) and ( e } used determined the gas r a te  ach ieved .
The other v a r ia b le s  in v e s t ig a t e d  w e r e :-
( f )  the t o t a l  q u a n t ity  o f  a ir  used* This was s tu d ied  as a fu n c t io n  of 
the ex cess  a ir  in  the system over and above th a t  t h e o r e t i c a l l y  
required fo r  combustion.
(g )  Tube le n g th .  A tube length  o f  12 f e e t  was used in  a l l  exp er im en ts . 
Since the heat tr a n s fe r  fo r  each f o o t  length  was measured., the  
measurements could be summed fo r  any tube len g th  up to  12 f e e t .  
Consequently i t  proved p o s s ib le  to  e s t im a te  from each experiment  
v a lu e s  of t o t a l  heat t r a n s fe r  fo r  s e v e r a l  tube le n g th s ,  and thus 
rep re se n t  tube length  as an independent v a r ia b le  in  the subsequent  
a n a ly s is  of r e s u l t s .
D e ta i ls  of t i e  independent v a r ia b le s  s e l e c t e d ,  th e  l e v e l s  and va lues  
of each th a t  were in v e s t ig a te d :  arid the f a c t o r i a l  d e s ig n  of  experiments*  
are g iv e n  in  Tables 1 and 2 . Values of g a s ,  primary a i r  and secondary  
a ir  r a te s  C a lcu la ted  for  experim ents w ith  aerated  flam es are g iv e n  in  
Table 3.
Values chosen  fo r  burner tube diameter and burner j e t  diameter are  
those which are in  common use i n  the gas in d u stry  and a gas p ressure rf  
2 .5  inches w .g .  behind the j e t  i s  the h ig h e s t  commonly met w ith  in
TABLE 3: DERATED PLfilS:'~ GAS, PRIMARY AIR AND SECONDARY AIR PATES
0 .7 5 ” Diameter Burner
1*4 A eration2 .1  Aeration
Secondary 
Air Rate 
c f t /h r .
T otal
Volume
e f t /h r
Primary- 
Air Rate 
cft/h r*
Secondary 
Air Rate 
c f t /h r *
; Gas
Rate
c ft /h r
Gas Ratej Primary 
c ft/h r*  Air 
Rate 
cft/h r*
Exces: 
A ir $
150
220
290
205
295
399
245
370
485
20
150
205
120
190
270
160
250
340
100
20 53.5132 .5
100
68*7165 .7 112
100
1“ Diameter Burner
265
385
505
365
525
690
445
650
850
5 7 .6 103120 170
260
360
225
350
480
280
440
620
73.7
100
160235.6 137
100
20 20095 .5 122*5 172294.5
100
p r a c t ic e .  The primary a ir  t o  gas r a t io s  were s e le c t e d  from t e s t s  
carr ied  out on an in d u s t r ia l  aerated  gas burner. I t  was found th a t  
2 .1 : 1  was the h ig h e s t  va lu e  th a t  could be achieved  by n a tu ra l  
en tra inm ent,w h ile  i f  the r a t i o  was reduced below 1 .4 :1 ,  incomplete  
combustion r e s u l t e d .  Incomplete combustion a l s o  r e s u l te d  i f  the  
q u a n tity  o f  ex cess  a i r  was le s s  than  20% and i t  was f e l t  th a t  lOO/o ex ce ss  
a ir  would g iv e  the low est e f f i c i e n c y  which could be t o le r a t e d .
The t o t a l  number of experiments ca rr ied  out was deduoed by tak in g  a l l  
p o ss ib le  combinations o f  v a r ia b le s  a t  a l l  l e v e l s  5 fo r  each burner ty p e ,  
i . e .  Aerated Burner 2 x 2 x 3 x 3 :  36 :
Non-aerated Burner 1 x 3 x 3 x 3 = 27
63 experim ents.  
giPsaS S e r ie s  of Experiments .  r
Because the o r i g in a l  apparatus 'was not s u i t a b le  f o r  studying flame  
p r o p e r t ie s ,  another apparatus was con structed  fo r  t h i s  s e r i e s  of  
experiments in  which a sea led  water ja c k e t  surrounded a c e n t r a l  3 - in oh  
tube. This apparatus a l s o  had two opposite-row s of  s ig h t in g  tubes and 
was capable of being ro ta ted  about the a x is  of the inner tube in  order to  
study the flame in  any r a d ia l  d ire c t io n *
P relim inary in v e s t ig a t io n s  o f  aerated and non-aerated flames  
burning in  t h i s  apparatus, showed th a t  both types of flam e were 
co n t in u o u s ly  su bjec ted  to  a r ip p le  e f f e c t  along t h e i r  e n t i r e  le n g th .  An
attem pt to  reduce t h i s  e f f e c t  by s t r i c t  c o n tr o l  o f  the i n l e t  gas pressure
.
was not successful* , probably oeoause the e f f e c t  was due, to  some e x te n t ,
'hi
to  a com bination of buoyancy of the flame and resonance of the
combustion gases  w ith in  the c e n tr a l  tu b e .  Flames produced i n  the !
/ v e r t i c a l  1
20  ,
v e r t i c a l  tube of S a le h 's  o r i g in a l  apparatus were observed to  be f r e e  of 
the e f f e c t ,  presumably because the buoyancy e f f e c t  of the flame Was 
exerted  in  the same d ir e c t io n  as the flame and not a t  r ig h t  an g les  t o  i t*  
Because of t h i s  r ip p le  e f f e c t . ,  to g e th er  w ith  the ex trem ely  low r a te  
of r a d ia t io n  em itted  by the flames s tu d ie d ,  as w e l l  as the f a c t  th a t  the  
aerated flam es were not ' g r e y * , i t  was not found p o s s ib le  t o  e s t im a te  flame  
temperature and e m is s iv i t y  by the Schmidt method# I n stea d ,  fo r  every  
experiment of t h i s  s e r i e s  i t  was planned t o  make r a d ia t io n  measurements 
along and around the flame u sin g  a diaphragm pyrometer and to  in te g r a te  
the measurements to  g iv e  flame ra d ia t io n #  In a d d it io n ,  some 
measurements made in  the f i r s t  s e r i e s  were repeated  in  each experim ent o f  
the second s e r i e s ,  i . e .
T otal h eat tr a n s fe r  through the e n t ir e  le n g th  o f  the h ea tin g  tube.
Length o f  the v i s i b l e  flam e.
Length of  f lu e  n eoessary  to  produce s u f f i c i e n t  draught f o r  any 
predetermined f u e l  and a ir  in p u ts .
A n a ly s is  of the  r e s u l t s  o f  the f i r s t  s e r i e s  of experim ents suggested  
th a t  the most important v a r ia b le  in v e s t ig a te d  was h eat  input* For
Vreasons th a t  w i l l  be presented in  Part the e f f e c t  o f  heat input was
found to  be independent of the com bination o f  gas p ressure  (P )  and j e t
diameter ( J )  or primary a i r  to  gas r a t i o  (A ),  burner tube diameter (D)
and mixture v e l o o i t y  (V) which produced i t .  In  a d d it io n  the e f f e c t  of
ex cess  a ir  (E) was found to  be sm all  and l in ea r#  Consequently, in  the
second s e r i e s  of ex p er im en ts ,  the range of heat in p u tt  in v e s t ig a te d  was
the same as for  the f i r s t  s e r i e s  but the e f f e c t  of E was on ly
in v e s t ig a te d  a t  two l e v e l s .  Values of P and J or A, D and V were
/ s e l e c t e d
TABLE 4 . PLAN OP 2nd, SERIES OF EXHiRLMENTS
• AERATED FLAMES
Expt* . A ir to Excess Mixture Burner
No. Gas A ir % V elo c ity D ia.
R atio , f t / s e c . in s .
64 2 ,1 20 12 1 .0
65 2 .1 100 12 1 .0
66 1 .4 20 9 1 .0
67 1 .4 100 9 1 .0
68 1 . 4 20 15 1.0
69 1 .4 100 15 1.0
70 2 ,1 20 19 1.0
71 2 .1 100 19 1 .0
72 2 ,1 100 15 1.0
73 2 .1 20 15 1 .0
74 1 .4 20 12 1 ,0
75 1 .4 100 12 1 .0
76 2 .1 100 9 1 .0
77 2 .1 20 9 1 .0
78 2 .1 100 15 0.75
79 2 .1 20 15 0.75
80 1 .4 20 12 0.75
81 i- 1*4 100 12 0,75
82 ' - 1 .4 20 15 0.75
83 1 .4 100 15 0 ,75
1 * m  Fi'Aim s
Expt* Excess Gas Pressure J e t  Diameter
No. A ir fo in s ,  -wg. in s .
84 100 1 .5 0,166
85 20 1 .5 0,209
86 20 0 .5 0.166
87 100 0 .5 0.166
88 100 2 .5 0.166
89 20 2.5 0.209
90 100 1*5 0.209
91 20 2.5 0,166
92 100 2 .5 0.209
93 20 0 .5 0.209
1 94 100 0 .5 0.209
95 20 1 .5 0.166
96 20 2 .5 0.189
: 9 7 100 2 .5 0,189
21.
s e le c te d  p r im arily  w ith  a-v iew  to  covering  the range of heat inputs but  
to  a le s s e r  e x te n t  t o  enable a subsequent a n a ly s is  to  be carr ied  out, i f  
req u ired , upon t h e ir  e f f e c t  other than th a t  of. changing the heat in p u t.
Experiments were oarried  out in  two h a tc h e s , aerated  flames and 
non-aerated f lam es , but w ith in  each batch the groups of v a r ia b le s  were 
s e le c te d  in  an a r b itr a r y  order* The p lan of t h i s  s e r i e s  experiments  
i s  g iven  in  Table 4 .
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FIRST APPARATUS
FIRST APPARATUS
FROM WATER OUTLET SIDE
22.
PART III
■ DESCRIPTION OP. APPARATUS AND PROCEDURE. !
FIRST SERIES GF EXPERIMENTS. ' . '■ —
The apparatus i s  shown in  F i g s , ' 2 and 3 , I t  c o n s is te d  of h ea t in g  !
tube and c a lo r im e te r s ,  a v e r t i c a l  f l u e ,  a i r  gas and w ater system s, and 
instrum ents fo r  measuring tem perature, pressure d i f f e r e n t i a l s  and volume, t
Heating Tube and C a lo r im eters .
I t  was o r i g i n a l l y  intended to  include tube le n g th  as a primary 
v a r ia b le  and a lthough t h i s  was la t e r  considered  to  be u n necessary , the  
heating  tube system  had a lread y  been-made-up of one 1 - f o o t ,  two 3 - f o o t  and! 
one 5 - f o o t  lengths so  th a t  a lm ost any t o t a l  len g th  o f  tube up t o  12 f e e t  
could be ob ta in ed . One of th ese  le n g th s ,  shown in  F ig . .  4 w i l l  be 
d escr ib ed .  I t  c o n s i s t s  of a 3 - in ch  diameter s t e e l  tube; 3 f e e t  in  I
le n g th ,w ith  4 t h in  s t e e l  square f la n g e s  so ld ered  to  i t ,  a t  both ends and 
a t  1 f o o t  and 2 f e e t  r e s p e c t i v e l y , . from one end. Pairs of pipe so ck e ts  I1
t o  take 1 -inch  diameter s ig h t in g  tubes were brazed to  the t u b e . in  l i n e ,
' it !
r a d i a l l y  a t  d is ta n c e s  of 6 inches apart and 3 inches from the n e a r e s t  |
■ I:
f l a n g e . ‘ ji :
Three rec tan gu lar  s t e e l  w a te r - ja c k e t  u n it s  we re f i t t e d  between the ! I,
three p a irs  of f la n g e s  on the 3 -f e e t  long 'tube and b o lted  in to  p o s i t io n ,  1
th in  rubber gaskets  being used to'make the j o in t s  w a t e r - t ig h t .  Each u n i t  "!
was j u s t  l e s s  than 1 f o o t  in  le n g th ,  -open ended and f la n g ed  to  correspond
I' f
w ith  the f la n g e s  on the tube, h 3^ inch  diam eter h o les  were cu t  in  the
s id e s  of the u n its  op p osite  the pipe sock ets  o n  the tu b e .  S ig h t in g  tubes^
;
made from 4 - in o h  len g th s  of 1 - in ch  B .S .P . n ip p lin g  passed through th ese
/ h o l e s
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FIG. 5
AIR FLOW IN HORIZONTAL PLANE 
AT ENTRANCE TO HEATING TUBE
AIR VELOCITIES ARE EXPRESSED IN FT/SEC X IO2 
VELOCITIES IN BRACKETS WERE OBTAINED WHEN FLAME WAS EXTINGUISHED
\  23,- ■
h o les  and screwed in to  the s o c k e t s .  The annular spaces l e f t  in  the s id e s  
were c lo se d  w ith  rubber gaskets., held in  p lace by s t e e  1 washer's and 1 -inoh  
B.S.Pw  nuts.  Each u n it  a l s o  had a -Jr inch B iS .P , n ip p le  screwed in t o  one 
s id e  fo r  water i n l e t  c o n n e c t io n s ,  a t  in ch  B .S .P .  n ipp le  sorewed in to  the  
other s id e  for  a water o u t le t  and a loose  f i t t i n g  s t e e l  l id  on top  to  
minimise evap ora tion  o f  w ater . -
The four jack eted  tube lengths  were jo in ed  end-to-end so as t o  form a 
continuous o e n tr a l  tu b e ,  12 f e e t  in  length ..  A sbestos was used as a 
gask et  between each le n g th .  The whole assem bly was supported on a 
’D exion’ s lo t t e d  aluminium angle frame a t  approxim ately  2 f e e t  6 inches  
above the f l o o r ,  the ’f l u e ’ end being 3 inches higher than the ’burner’ 
end, to  conform w i t h ’common in d u s t r ia l  p ractice*
The 3 - in oh  tube in  the 1 - fo o t  long s e c t io n  term inated in  a 3 - in c h  
B.SoP. elbow in to  which the flue was screwed* This was a 3 - in c h  diam eter'  
s t e e l  tu b e ,  7 f e e t  irr le n g th .  At d is ta n c e s  of 3, 15, 39 , 75 and 81 
in ch es  from i t s  b a se ,^ - in c h  so ck ets  were welded to  the f lu e  to  provide fo r  
temperature and pressure measurements and f lu e  gas a n a ly s i s .
Air System.
Before d es ig n in g  the a i r  system^ an experiment was c a r r ie d • out in
which a non-aerated burner was fired , in to  th e  w a ter -ja ck e ted  h ea t in g  tube
which terminated in  a 7 - f o o t  f l u e .  The q u a n tity  o f  gas burned was
110 cubic f e e t  per hour and the. a ir  en tra in ed  in  the system was
e s t im a te d ,  by f lu e  gas a n a l y s i s ,  to  be about 630 cubic f e e t  per hour.
The a ir  v e l o c i t y  a t  the entrance t o  the h ea tin g  tube y/as determ ined,
w ith  a hot w ire anemometer, a t  a number of p o in ts  in  a s e c t io n  of the
h o r iz o n ta l  plane through the a x is  of the tube. The anemometer had a
/ d e t e c t i n g
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d e te c t in g  elem ent 1 inch  long and ^ in ch  diameter and the r e s u l t s  fo r  one 
h a lf  of the s e q t io n  of the plane are shown in  Fig* 5 .  The corresponding  
v e l o c i t i e s  measured when the flame was ex t in gu ish ed  are shown in  b r a o k e ts . 
In a l l  cases  there  was a con s id erab le  f lu c t u a t io n  in  v e l o c i t y  due to  a i r . '  
cu rrents  in  the laboratory  and the maximum and minimum va lu es  found for  
each p o s i t io n  over a period o f  30 seconds, are shown.
I t  was found th a t  there  was no d e te c ta b le  change in  a ir  cu rrent  
v e l o c i t i e s  on the r ig h t  of the dotted l in e  in  P ig .  5 and i t  was concluded  
th a t  I f  t h i s  imaginary l i n e  in  space was rep laced  by a gauze c y l in d e r
18 inches in  d iam eter , aoross  which a ir  flow ed , the presence of t h i s  
c y l in d e r  would have no n o t ic e a b le  e f f e c t  upon the flQw p a ttern  of a ir  
entrained  in to  the heating  tube . .This was the p r in c ip le  of the a ir  box 
(shown in  F igs i 6 and 7 )w hie h was' used to  c o n tr o l  the f low  of a ir  in to  the  
heating  tube . The r e s t  of the a ir  system  i s  shown -in F ig .  8 .
The a ir  box was made up of an outer s t e e l  drum surrounding an inner  
brass 100 mesh gauze c y l in d e r .  This c y l in d e r ,  which-was open a t  one end, 
was formed upon a brass framework and was 18 inches in 'd iam eter  and
19 inches long . At the open end, the framework was fa sten ed  to  a s t e e l  
annular r in g ,  16 inches in t e r n a l  diameter and 2 inches w ide ,w h ich  served as 
a f la n g e  fo r  b o l t in g  the c y l in d e r  to  one end of the s t e e l  drum. The other  
end of the c y l in d e r  had a 3 - in oh  diam eter hole  a t  i t s  c en tre  which was 
c lo se d  w ith  a Perspex d iso  th a t  served as a window. Solder was used for  
f i x i n g  the gauze to  the framework and for- s e a l in g  seams but where t h i s  was 
not p o s s ib l e ,  p l a s t i c i n e  was employed.
The s t e e l  drum was 22 inches in  d iam eter , 22 inches lon g , and c lo se d
a t  both ends* At the end to  which the brass c y l in d e r  was b o l te d ,  two
/ 4 - i n c h
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4 - in c h  h o le s ,  one a t  the cen tre  and the other j u s t  above i t ,  were c u t .  The 
upper ho le 'had  a t h in  r in g ,  tapped 4 inch B.S.P,, welded to  i t s  rim.
Into  t h i s  screwed a second r in g  to  which, was bo lted  a Perspex d i s c .  This 
arrangement served both as a window and as an a cce ss  hole to  the gauze 
c y l in d e r .  Three copper tu b e s ,  each J  inoh i n  d iam eter , were so ld ered  to  
t h i s  end of the drum and used fo r  connection s  to  pressure gau ges. - The other  
end of the drum was d etach ab le  but was held in  p lace  by a p ress  f i t  and the  
seam was sea led  w ith  p l a s t i o i n e .  This end a l s o  had a 3 - in o h  diameter hole  
a t  i t s  oen tre  which was c lo se d  w ith  a Perspex window.
At the bottom of the drum a plug was provided to  d ra in  o f f  any  
con d en sa te .
Two 1 - in ch  B .S .P .  so ck e ts  were we'lded on opp osite  s id e s  o f  the drum and 
served as a i r  in l e t s #  A 1 - in ch  B .S .P .  threaded s t e e l  tu b e ,  which passed  
through l f - i n c h  diameter h o le s  i n  the c e n tr e s  o f  the  ou ter  and inner  
Perspex windows served t o  carry  both  gas arid primary a i r  (when t h i s  was used)  
t o  the burner head which was screwed onto the end o f  the tu b e .  This tube  
was a l s o  held i n  p o s i t i o n  w ith  an a d ju s ta b le  bracket fa s te n e d  t o  the end of  
the s t e e l  drum. The gaps between the tube and the Perspex windows were 
c lo se d  w ith  rubber g a s k e t s ,  s t e e l  washers and 1 inoh B .S .P .  nuts.
The a ir  box v/as supported on a ’D exion’ frame and b o lte d  t o  the end 
f la n g e  o f  the  heatin g  tu b e ,  a rubber r in g  b e in g  used t o  make the j o i n t  le a k -  
t i g h t .  Care was taken  to  ensure th a t  the a x is  o f  the gauze c y l in d e r  and 
s t e e l  drum, which passed through the c e n tr e s  o f  both Perspex windows and 
through the c e n tr a l  4 - in o h  h ole  in  the s t e e l  drum, co in c id e d  w ith  the a x is  
of the h ea tin g  tu b e .
The a ir  supply was provided by a 'Secomac' blower and passed through
/ tw o
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two R otam eters, arranged in  p a r a l l e l .  One of these  was used to  meter 
primary a ir  and was connected through a w eighted diaphragm governor and. 
non-return  valve  to  an e j e c to r  and thence to  the tube p assing  in to  the a ir  
box. The other was used to  meter secondary a ir  (or combustion a ir  when 
nonLa@rated flames were in v e s t ig a te d J  and was connected through a sedohd 
governor t o  both a ir  i n l e t  sock ets  on the s t e e l  drum. The q u a n t i t ie s  of  
a ir  used were regu la ted  w ith  v a lv e s .  .U-tube manometers were connected to  
both s id e s  o f  the governors to  oheck th a t  they- were fu n c t io n in g  c o r r e c t ly .
Gas System .
The gas su pp ly , drawn from a 2 - in c h  p ip e ,  passed through a main oock, 
a w eighted diaphragm governor, a gas meter and th en  through f i n e  and coarse  
adjustment cocks arranged in  p a r a l l e l .  I t  then  passed through a non­
re tu rn  va lv e  to  the e j e c to r  (where i t  mixed w ith  primary a ir  when t h i s  was 
used) and to  the tube p a ss in g  in t o  the a i r  box# .Gas p ressu res  before  and 
a f t e r  the governor were read 'on  U-tube manometers. The gas meter was of 
the p o s i t iv e  d isp lacem ent dry  t y p e . I t  was found t o  bo in  good agreement 
w ith  a standard m eter. The system  i s  shown d ia g r a m a t ic a l ly  i n  P ig .  8 ,
The gas burner head was screwed in t o  a 1 - in ch  B .S .P .  so ck e t  a t  the  end 
of the s t e e T  tube in s id e  the a i r  box and was a c c e s s ib l e  through th e  screwed 
window in  the end of  the box. The d is ta n c e  from the end of  the  head to  
the beg inn ing  of  the h ea tin g  tube was always o inches# For aerated  flam es  
the head s im ply  c o n s is te d  o f  a 4 - in o h  le n g th  o f  s t e e l  tu b e , e i th e r  j - i n o h  
or 1 - in ch  1.1).
. ("
For non-aerated f la m es ,  the head was made from a sh o r t  le n g th  of
1 -in ch  tube term inating  in  a 1 - in ch  B .S .P . cap. At the  cen tre  of t h i s
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cap was a h o le ,  tapped -^-inoh 3 . S. ?. in t o  whioh screwed the appropriate  
burner j e t .  The j e t s  used were a type commonly employed in  the gas 
in d u str y  and d e t a i l s  of one of th ese  are g iven  in  F ig .  9.
A s id e  tube was brazed to  the 1 - in c h  c a p , ' f o r  determ ining the pressure
behind the gas j e t .  This tube was oonneoted to  one of the copper tubes  
which passed through the a ir  box (see"A ir Systenl1) and then t o  one arm of a 
10:1 in c l in e d  tube manometer* The other arm of tho manometer was connected
to  another o f  the copper tubes on the a ir  box.
Water System.
The water supply came from a constant-head tank which was s itu a ted  
3 f e e t  above the a ir  box. The tank was oonneoted to  a water main and the  
le v e l  in  i t  kept constant by means of a b a l l  cock. A v e r t ic a l  o u t le t  pipe 
through the bottom of the tank led to  a h o r izo n ta l d is tr ib u t io n  pipe which 
ran along the length of the heating tu b e. Twelve copper p ipes a t 1 fo o t  
in te r v a ls  led from th is  pipe through cooks to  the i n l e t  tubes on the  
in d iv id u a l water ja c k e ts .
From each water jaok et o u t le t ,  water flowed through an upward bend, a 
T-pieoe and a dowiward bend, to  a g u tter  common to  a l l  o u t le ts  and th en  t o  a 
d rain . I t  was p o ss ib le  to  place a large measuring cy lin d er  under eaoh o f  
the downward bends to  measure the water ra te  through the in d iv id u a l ja c k e ts .  
The combinations o f bends and T -pieoes provided thermometer pockets in  
which the water depth v/as s u f f i c ie n t  to  immerse com pletely  the bulbs of the  
thermometers used for  measuring the temperature o f the outgoing w ater. Tho 
temperature of the water in  the constant-head tank was measured w ith  another 
thermometer, immersed in  i t ,  whioh was sigh ted  through a sm all Perspex
window f i t t e d  to  one s id e  of the tank.
The system is  shown d ia g r a m a t ic a l ly  in  F ig .  10.
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FIG. 11
S E C O N D  APPARATUS
tSECQRD SERIES OF EXPERIMENTS.
W ater-Jacketed Heating Tube.
The h ea t in g  tu b e ,  whioh i s  shown i n  Figs# 11 and 12 ,was 6 f e e t  iong  
and of welded c o n s tr u c t io n .  I t  c o n s is te d  o f  ooncentr io  3 - in c h  and 5 - in c h  
diameter s t e e l  tu b e s ,  c lo se d  a t  each end w ith  annular r in g s .  At one end 
the 3 - in ch  tube p ro jected  beyond the annular r in g  for  3 in c h e s ,  the  
p r o je c t in g  p o r t io n  being threaded . A 3 - in c h  B .S .P . elbow sorewed on to  
t h i s  end and the f lu e  sorewed in to  the  elbow. At the other end of the  
h eatin g  tube both tubes were f lu s h  and th e  outer tube was threaded# This 
end screwed in to  a 5 - in ch  B .S .? .  f la n g e  b o lted  c o a x i a l l y  over the  c e n t r a l  | 
4 - inch h o le  in  the a i r  box p r e v io u s ly  d escr ib ed  and was supported e n t i r e l y  j 
by the a ir  box. The other end was supported on a Dexion frame, which  
a l s o  supported th e  f l u e .  The ’flue.* end of the h e a t in g  tube was ijjr 
inches higher than th e  ’a i r  b ox’ end fo r  the same rea so n  as the 1 s t  
ap p aratu s .
A t-6 - in ch  i n t e r v a l s ,  p a irs  of r a d i a l l y  o p p o s i te ,  1 - in o h  d iam eter ,  
s ig h t in g  tubes wore f i t t e d  t o  both  th e  inner and outer  tubes as shown in  
Fig# 12# j
A water i n l e t  and a w ater  o u t le t  tube were f i t t e d  a t  o p p o s ite  ends of  
the h ea t in g  tu b e .  A com bination of elbows and T -p ieoes  sorewed on to  the  
o u t l e t  tube t o  provide a thermometer p ock et .  Rubber hose was used t e  
connect the i n l e t  tube d i r e c t l y  t o  a p ipe from the con stant-head  w a ter—, 
tank.
The gas and a ir  systems were the same as fo r  the f i r s t  s e r i e s  o f
experim ents, * '
/The
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FIG. 13
SECTION THROUGH BLACK BODY FURNACE
SCALE 1 : 3
The heating  tube was capable of being ro ta ted  about i t s  a x i s .  The
angle of r o t a t io n  was observed by means of a mark on the tube a t  th e  a ir -b o x
end which passed over a so a le  on the 5- in c h . f la n g e ,
Black Body Furnace . ; - : -
The fu rn ace ,  i l l u s t r a t e d  in  P ig .  13 was made from a c e n tr a l  S i l l im a n i t e
tube around which was wound a Kanthal h ea t in g  e lem ent. The elem ent was
cemented in  p lace w ith  alumina cement and surrounded by a: co n cre te  ja c k e t  o f
e x f o l ia t e d  V erm icu lite  and aluminous cement. The jack eted  u n it  was held in
p o s i t io n  in s id e  a s t e e l  drum by means o f  two annular- shaped V erm icu lite
s la b s .  These were a t  the top  and bottom r e s p e c t i v e ly  of the drum:, and the
space between them was f i l l e d  w ith  V erm icu lite  powder.
The b lack  body ’target*  in s id e  the furnace tube was 3 inches in
diam eter and 1 inch  th ic k .  I t  was c a s t  around a c e n t r a l  6 in ch  long
thermocouple sh ea th ,  u s in g  a mixture o f  ir o n  oxide and aluminous cement.
The exposed fa ce  had a large  number of sm all h o le s  d r i l l e d  i n  i t  t o
in cr ea se  i t s  e m i s s i v i t y .  The* other fa ce  was cemented t o  a c y l i n d r i c a l
in s u la t in g  b r ic k  i n  order to  minimise the  temperature g ra d ie n t  a long  the
furnace tub e . This b r ic k ,  which was 5 inches  i n  le n g th ,  r e s te d  on the
bottom o f  the drum and the thermocouple sheath  passed through i t  and emerged
from a sm all h o le  i n  the bottom of the drum, A chrom el/a lum el thermocouple
was used to  measure the b lack  body tem perature, and i t s  ju n c t io n  was f lu s h
w ith  the ’t a r g e t ’ f a c e ,  .' _
To decrease  s t i l l  fu r th er  th e  temperature g r a d ie n t  a long the furnace
tu b e ,th e  diameter of i t s  open end was reduced t o  1% in ch es  by means o f  an
annular r in g  made from in s u la t in g  b r ic k .
The top o f  the drum was o lo sed  w ith  a l i d  w hich had a hole a t  i t s
;.. - ;/ c e n t r e
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c e n tr e .  A l|; inch bore threaded s t e e l  tube was brazed over the ho le  and 
when the l id  was f i t t e d ,  t h i s  tube and the b r ick  annular r in g  in  the furnace  
tube were c o n c e n tr ic .
Power was supp lied  to  the furnace from 230 v o l t .  A.C, mains v ia  a 
Variaq transform er. I t  was found t h a t . 1500 w a tts  were s u f f i c i e n t  t o  
m aintain the ’t a r g e t '  a t  1200oG.
The furnace was mounted on a sm a ll  t r o l l e y  and could be a lign ed  and 
coupled to  v e r t i c a l l y  placed s ig h t in g  tubes in  the heatin g  tube by means of  
1% inch B .S .P .  unions and 1^ in ch -1  in ch  B .S .P .  bushes, the l a t t e r  being  
screwed on the s ig h t in g  tu b es .  '
The furnace was o r i g i n a l l y  b u i l t  fo r  use in  temperature and e m is s iv i t y  
measurements upon the flame but as th ese  were on ly  made ir. a few pre lim in ary  
exp lora tory  experim en ts,  the furnaoe was on ly  used* subsequently* fo r  
c a l ib r a t in g  the diaphragm pyrometer.
Diaphragm T ota l R ad ia t ion  Pyrometer.
The pyrometer i s  i l l u s t r a t e d  in  F ig .  14. I t  was made of brass and a l l  
jo in t s  were e i th e r  so ld ered  or threaded .
Three diaphragms, w ith  o r i f i c e s  l.", jjZ" and^9” diameter r e s p e c t i v e l y ,  
were held in  a compound diaphragm tube a t  equal d is ta n c e s  apart* The 
s m a lle s t  o r i f i c e  was a t  the rear and s i tu a te d  immediately in  f r o n t  of a 
m icrotherm opile. The diaphragm tube was surrounded by a compound water  
je c k e t ,  the f r o n t  p o r t io n  of which j u s t  f i t t e d  in to  the 1 - inch  s ig h t in g  
tubes on the h ea t in g  tube. Mien the pyrometer was u sed , a lthough  the  
fron t diaphragm was always in  the immediate v i c i n i t y  o f  the flame or i t s  
oombustion produ cts ,  i t  was kept co ld  by the water f lo w in g  through the  
ja o k e t .
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The microthermopile used was a Moll type w ith  e ig h te e n  manganin- 
constantan  ju n c t io n s  and a p latinum -black  r e c e iv in g  su rface  of j u s t  over :
inch d iam eter. I t  was screwed to  the back of the rear diaphragm and 
backed by a w a ter -co o led  end-cap . I t s  term inals  were connected v ia  two \ 
in su la te d  term in a ls  on the pyrometer tube, to  a p o ten tiom eter .
The diaphragms, to g e th er  w ith  the in s id e  w a l ls  of the diaphragm tube 
and the therm opile ju n c t io n s ,w ere  a l l  blackened w ith  p latin um -b lack  p a in t  t o  
minimise s t r a y  r a d ia t io n .
The pyrometer was c a l ib r a te d  a g a in s t  the b lack  body furnace t a r g e t  fo r  
a number of temperatures up to  1150°C. ; Temperatures were measured d i r e c t l y  
w ith  the chrom el/alum el thermocouple and were sometimes checked w ith  an 
o p t ic a l  pyrometer. On th ese  occasion s  good agreement was always found !
between the two methods. A s t r a ig h t  l in e  c a l ib r a t io n  was obtained between |
the therm opile  read ings ( m i l l i v o l t s )  and the b lack  body r a d ia t io n  1
( B . T . U . / s q . f t . / h r . ) -and the c a l ib r a t io n  did not vary from the beginning to   ^
the end of each of the groups of experiments on aerated and on non-aerated > 
f lam es . Between the two groups o f  -experim ents, the therm opile  was changed 
and con seq u en tly  a d i f f e r e n t  c a l ib r a t io n  l in e  was ob ta in ed . Both th ese  
l in e s  are shown in  F ig .  15. I t  was found th a t  a therm opile  output of  
1 m i l l i v o l t  was obtained for  r a d ia t io n  of
■67,250 B.T.U. per s q . f t / h r .  ( 1 s t  group)
105,000 B.T.!L per s q . f t / h r .  (2nd group) !
GEKBRAL I M S  OF EQUIPMENT. . . .  ■ I;
Thermometers wore used fo r  measuring a ir  and water tem peratures . Thev h
. I
had a range of —5 to  50 *^0 and could be read to  O.OS^C* They were a l l  j 
c a l ib r a te d  a g a in s t  a standard thermometer su pp lied  by the manufacturers and' b
/ i t
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i t  was found unnecessary to  apply any c o r r e c t io n s  to  them.
. Thermooouples were made from chrome! and alumel w ire  which had been  
c a l ib r a te d  by the manufacturers.
A 2000  m i l l i - l i t r e  measuring cy l in d e r  wag used t o  measure water volumes 
As i t  was c a l ib r a te d  fo r  20°C* a sm all volume c o r r e c t io n  u s u a l ly  had t o  be 
a p p lie d .
Normal pressure d i f f e r e n t i a l s  were measured on 17-tube Manometers or a 
10:1 ino l in e d - t u be manometer in  the case of the gas pressure  across  the  
burner j e t .  This manometer was c a l ib r a te d  a g a in s t  a  Case 11s micrometer-  
reading manometer.
The v ery  sm all pressure d i f f e r e n c e s  w i t h in  the h ea t in g  tube and f lu e
14
were measured w ith  an A so o t -C a s e l la Mioromanometer. This had a very  qu ick  
resp on se ,  could span a d i f f e r e n t i a l  of 0 .1 5  inohes w .g .  and had an accuracy  
of t  0 .0001  inches w .g .  I t  was c a l ib r a te d  a g a in s t  balance w e ig h ts  p laced  
on i t s  operating  drums.
Wet and dry bulb thermometers were used t o  determine the r e l a t i v e
humidity o f  the a i r .
A b e l l  type grav itom eter  was used t o  determine the  s p e c i f i c  g r a v i ty  o f
c o a l  gas r e l a t i v e  t o  a ir .
The a e r a t io n  t e s t  burner number"^ A .T .3 .  No.) which measures the  
hardness or s o f t n e s s  o f  town gas was determined by means of a 
c a l ib ra ted  burn er .
A Gooderham Flue Gas a n a ly s i s  apparatus was used fo r  measuring the  
COg co n ten t  of f lu e  g a s e s .  Sampling was ca rr ied  out through a s id e  tube  
in  the f l u e .
ooo
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PART IV
- EXPERIMENTAL PROCEDURE ARP DATA AFP SAMPLE CALCULATION.
F ir s t  S e r ie s  of Experim ents ►
The purpose of each of these  experiments was. to  determine:-^
1) Heat tr a n s fe r  through each f o o t  length  of the h ea tin g  tu b e.
2) T ota l heat t r a n s fe r  through the  e n t ir e  len g th  of h ea t in g  tube.
3) Length of the v i s i b l e  flam e.
4) Length of  f lu e  n ecessary  to  produce s u f f i c i e n t  draught t o  ach ieve  
experim en ta l a ir  and gas r a t e s .
In experiments on aerated  f  lames ;the gas was l i t  and the gas and a ir  
r a te s  ad ju sted  to  predetermined v a lu e s  (See Table 3 ) .  For non-aerated  
f lam es ,  a f t e r  l i g h t in g  the gas., the gas pressure ivas ad ju sted  t o  the  
d esired  va lu e  and the gas r a te  measured. The a ir  r a te  was th en  s e t  t o  i t s  
corresponding value u s in g  F ig .  16, w hich i s  based on a s t a t i s t i c a l  a n a ly s i s  
of the manufacturers records fo r  town gas ( A p p e n d ix l ) .
The r a te  o f  f low  o f  w ater through the ca lorim eters  was ad ju sted  t o  g iv e  
a reasonable  r i s e  i n  temperature (u s u a l ly  5-20°C) and the apparatus was l e f t  
to  a t t a i n  e q u il ib r iu m .
Meanwhile measurements were made o f s -
1) Gas p r o p e r t ie s :  A .T.B. number and s p e c i f i c  g r a v i ty .
2) Air p r o p e r t ie s :  Barometric p ressu r e ,  r e l a t iv e ,  hum idity  and temperature.
3) Flue gas a n a ly s is  (but not in  e v er y  experim ent) .
4) V is ib le  flame len g th ,
LTien eq u il ib r iu m  was reached, u s u a l ly  a f t e r  h a l f  an hour, the i n l e t
and o u t le t  temperatures and r a te  of f lo w  o f water through each ca lo r im eter
' /w ere
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were measured in  random order. In every  experiment i t  was found th a t  the  
water' i n l e t  temperature remained con stant  fo r  the d u ra t io n  of the above 
measurements.
The f i n a l  s e r i e s  of measurements made were of the pressure d i f f e r e n c e  
between the a ir  box and each of the pressure tapping p o in ts  a long the  
length  of the f l u e .
In a l l  experiments the experim enta l data were measured in  e i th e r  
B r i t i s h  or Metric u n i t s .  For p r e se n ta t io n  purposes, in  Tables 5 and 6 ,  
the da ta ,  w ith  the e x c e p t io n  of tem peratures, have been converted t o  
B r i t i s h  u n i t s .
The co rrected  r a te s  ( a t  30 inches and 60°F) fo r  c o a l  gas and a i r ,
togeth er  w ith  t h e ir  p r o p e r t ie s ,  are presented in  Table 5. The corrections*
17a
which were made w ith  the aid of published t a b l e s ,  r e s u l t e d  in  the a i r - t o -
gas. r a t i o s  and ex c e ss  a ir  percentages  d e v ia t in g  s l i g h t l y  from t h e ir
nominal v a lu e s . These d e v ia t io n s  did not a f f e c t  the f a c t o r i a l  p lan  and
th ey  were ignored in  subsequent a n a ly s e s .
R esu lts  of pressure d i f f e r e n t i a l  measurements between th e  f l u e  and
the a i r  box, and the f lu e  h e ig h t  estim ated  from th e se  d ata , are a l s o
g iv e n  i n  the ta b le*
The t o t a l  heat in p u t,  the water r a t e , i n l e t  and o u t le t  temperatures
and heat output to  each ca lo r im eter  are g iv e n  in  Table 6. A sm a ll
c o r r e c t io n  was ap plied  t o  the heat outputs to  a llo w  fo r  heat tr a n s fe r
a cr o ss  the s t e e l  f la n g e s  sep a ra t in g  adjaoent c a lo r im e te r s .  This was
based on an o v e r a l l  heat t r a n s fe r  c o e f f i c i e n t  o f  70 B .T .U s /sq ,f t /h r °F > ^  
the temperature d i f f e r e n t i a l  being the same as th a t  between th e  ingoing
and outgoing w a ter ,  and the area fo r  h eat  tr a n s fe r  wa3 th a t  o f . t h e  w etted  
f l a n g e ,  i . e *  0 02 s q . f t .  ,
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No c o r r e c t io n  was app lied  when the adjaoent ca lo r im eter s  were in
separate  u n its  and were th erefore ,  separated by a sb esto s  g a s k e t s .  By
using  l i d s  on the c a lo r im e te r s ,  evap oration  of water was e l im in ated  and
no c o r r e c t io n  was th e r e fo r e  ap p lied  on t h i s  account.
Sample C a lc u la t io n s . .
GalGulatiors made fo r  experiment No. 48 -  chosen  a r b i t r a r i l y  -  are  
g iv e n  t o  serve  as an example.
Gas Rate (co rrec ted  ) = 73*5 x 1»0Q8X ® 73 .9  ou. f t / h r .
Heat Input -  75 .9  x 500 < »  36 ,950  B .T .U /hr.
Air Rate ' . ' .
Primary -  103 X 1*008 = 104 c u . f t / h r .
Secondary “ 510 x 1.008 . = 514 c u . f t / h r .
T ota l -  608 o u . f t / h r .
Primary Air' to  Gas R a tio  * -  1 .4 :1
J h e o r e t io a l
Combustion Air -  73.9  x 4 .1 9  = 3 1 0  o u . f t / h r .
.% Excess A ir ,  % = 298 x 100 = 9 6
310
COg in  f lu e  g a s ,  % r 6 .3  ( e x p t a l )  = 6 .3  ( c a l c . )
Heat Outputs to  Oa I or im eters  
See Table 7Y
» 7
x C orrect ion  Factor (r e fe r e n c e  ,24)
AXIS O F A IR -B O X
FLUE
AIR-BOX
FIG. 17
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C a lcu la t io n  of Flue Height Required fo r  Predetermined Air and Gas In p u ts .
Phen combustion a ir  i s  drawn in t o  a system and waste gases  are 
removed from the system by means of n a tu ra l draught produced by a f l u e ,  
the draught a v a i la b le  i s  l e s s  than the id e a l  because o f  lo s s e s  in  the f l u e .  
These are due m ainly to  f r i c t i o n  and the lo s s  o f  head on emergence from the  
f l u e .  ■
In the exp erim enta l system  d e sc r ib e d ,  the f lu e  len g th  was always 
7 f e e t .  C onsequently in  some experiments t h i s  le n g th  was g r e a te r  than  
th a t  necessary  to  produce the draught required to  overcome r e s i s t a n c e s  
between the a i r  box and the base o f  the f l u e .  The superfluous  draught 
r e s u lte d  in  the s t a t i c  pressure in  the a ir  box being  lower than  
atmospheric pressure .
In the system i l l u s t r a t e d ,  F ig .  17
h ~ Flue h e ig h t  for  pressure in  a i r  box to  be atm ospheric.
H = A ctual f lu e  h e ig h t .  , '
^  = D en sity  of a i r .
= Mean d e n s i ty  of w aste gases in  f l u e .  ,
I T  - Atmospheric pressure a t  l e v e l  A.
When the f lu e  h e ig h t  i s  h . .
Pressure a t  C s ' t l
t
Pressure a t  B = n r  -  h <> )
Pressure Drop from C
t o  B = h( P -  ^ )
When the f l u e  heigh t i s  H,
i  *
Pressure a t  J = "IT” -  H(p -  Jp)
A , -
As t h e ' a i r  and gas inputs  to  the a ir  box and a l s o  combustion
/c o n d i t io n s
37.
co n d it io n s  are unchanged, the pressure drop C-B w i l l  not be a l t e r e d .
I f  a d i f f e r e n t i a l  pressure manometer a t  the same l e v e l  as A is  
oonneoted between C (on t h i s  l e v e l )  and X, the e f f e c t i v e  s t a t i c  pressure  
of the l a t t e r  w i l l  be inoreased by x ^  due to  the pressure head of a ir  ift 
the  conn ecting  l i n e .
When the d i f f e r e n t i a l  p ressure recorded = 0
The required f l u e  h e ig h t  can  th e r e fo r e  be found by p lo t t in g  th e  
’d is ta n ce  from the base of the f lu e  to  each of the pressure tap p in g  p o i n t s ’ 
a g a in s t  the ’pressure d i f f e r e n t i a l  between the p o in t  and the a ir  box’ , 
(measured a t  the l e v e l  of the a x is  of the a ir  box). On the r e s u l t i n g  l i n e ,  
which i s  alm ost s t r a i g h t ,  the d is ta n c e  corresponding to  zero pressure  
d if f e r e n c e  i s  the required f lu e  h e ig h t .
In experiments where the required f lu e  h e igh t  exoeeded 7 f e e t  the  
pressure in  the a ir  box was grea te r  than atmospheric pressure and the  
graph of experim en ta l data th e r e fo r e  had to  be ex tra p o la te d  to  zero  
pressure d i f f e r e n c e .
This techn ique assumes th a t  pressure lo s s e s  due to  f r i c t i o n a l  
r e s i s ta n c e  to  f low  in  the f lu e  and changes in  v e l o c i t y  head a long the  
length  of the f lu e  can be n e g le c te d .  This assum ption was confirmed by 
two prelim in ary  experiments on non-aerated flames in  which pressure
: ' V  ,
d i f f e r e n t i a l s  a t  a numoer of  p o in ts  a long the f lu e  were determined fo r
. /
Pressure a t  C = 7T* -  ( H-h)( ^ -  (p )
At p o in t  X in s id e  the f lu e  a t  a h e ig h t  x above A, 
Pressure
h = x
/ f l u e
0*
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f lu e  lengths  of 7 f e e t ,  4 f e e t  6 inches and 2 f e e t  6 in c h e s .  The e f f e c t  
of reducing the f lu e  len g th  changed the pressure d i f f e r e n c e  between the  
a ir  box and atmospheric pressure by an amount e q u iv a le n t  to  the pressure  
drop a s s o c ia te d  w ith  the decrease  in  f lu e  le n g th .  The data fo r  th e se  
experiments are presented below.
Gas Rate c . f t / h r .  
Air Rate c * f t / h r .  
Excess A i r , % ;
F i r s t  Experiment. 
75 
480  
53
Second Experiment 
95
650 -
62
Pressure drop 
vfith in  system  
in s .w .g .  XlCf
7 f t .  
f lu e
4 f t .  6 
f lu e
2 f t .  6 
f lu e
.7 f t .  
f  lue
4 f t .  6 
f l u e
2 f t .  6 
f lu e
Air 3ox-Atmosphere -0 .7 2 0 .55 1.13 1 ,01 2 .1 0 2 .85
- 3 ” up f lu e 2 .15 2 .13 2 .1 7 3.75 3 ,7 4 3 .75
-1 ’3U up f lu e 1.71 1.72 1.75 3 .3 7 3 .3 9 3 .33
-o’3" up f lu e 0 .79 0.75 2 .5 6 2 .5 6
-S'S1’ up f lu e -0 .4 4 1 .3 0
-6 ,9,t up f lu e -0 .6 5 1 .11
Estimated f lu e  
height* i n s . 63 114
In experiment 48 , data from Table 5 fo r  pressure drops w i t h in  the  
system versus d is ta n c e  up the f lu e  were p lo t te d  ( F ig .  18'); : th e
r e s u l t a n t  l i n e  was ex tra p o la te d  t o  zero pressure d i f f e r e n t i a l  which  
corresponded to  a f lu e  h e ig h t  of 93 in o h es .
39c
Second S e r ie s  of Experim ents.
The f i r s t  purpose of t h i s  s e r ie s  of experiments was t o  in v e s t ig a t e  
r a d ia t io n  from both  aerated  and non-aerated f lam es .  In a d d it io n ,  each  
experiment provided fu r th e r  data on :-
2 )  T ota l heat t r a n s fe r  through the 6 - f o o t  len g th  of heating  tube.
3)  le n g th  of the v i s i b l e  flam e.
4 )  Length o f  f lu e  n ecessary  t o  produce s u f f i c i e n t  draught t o  aohieve  
experim enta l a i r  and gas r a t e s .
The i n i t i a l  procedure i n  each experiment and the methods fo r  determ ining  
( 2 ) ,  (3 )  and (4 )  were the same as fo r  the f i r s t  s e r ie s  of experim ents,  
except th a t  on ly  one r a te  of water f lo w ,  from the s in g le  water j a c k e t ,  was 
measured.
Flame r a d ia t io n  measurements were made by p la c in g  the  diaphragm 
pyrometer in  each of  the 12 s ig h t in g  tubes in  tu rn  and s ig h t in g  i t  on t o  a 
blackened w ater-b ooled  ta r g e t  placed in  the op p osite  s ig h t in g  tu b e . A 
s tea d y  p otentiom eter read ing was obtained a f t e r  20 secon d s.  In the f i r s t  
experiment of each batch (aerated  flames and non-aerated f la m e s ) ,  
measurements were made on e i th e r  s id e  o f  the v e r t i c a l  a x is  and a t  an g les  
of 0 ° ,  30 ° ,  6 0 ° ,  9 0 ° ,  120° and 150° to  i t .  The r e s u l t s  of both  th ese  
experiments shewed th a t  the angular v a r ia t io n  of r a d ia t io n  was approximate­
ly  the same in  each of the four quadrants and th a t  fo r  the remaining  
experiments i t  ?/as on ly  n ecessa ry  to-make readings in  one quadrant a t  
angles  of 0° ,  45°  and 90° to  the v e r t i c a l .
In  Tables 8 and 9 fo r  aerated  and non-aerated flam es r e s p e c t i v e l y  
are p r e s e n t e d : -  -
1) the corrected  r a te s  fo r  c o a l  gas and a i r ,  to g e th er  w ith  t h e ir  .
/p r o p e r t i e s
40.
p r o p e r t ie s .
2 )  heat in p u ts ,  outputs and thermal e f f i c i e n c i e s .
3) r e s u l t s  of pressure d i f f e r e n t i a l  measurements between the f lu e  and 
tne a ir  box and the f lu e  h e ig h t  estim ated  from th e se  d a ta .
Diaphragm pyrometer readings and the r a d ia t io n  c a lc u la te d  from them are
presented in  Tables 10 (aerated  f lam es)  and 11 (non-aerated  f la m es)
SAMPLE CALCULATION OF RADIATION AM) CONVECTION ,(EXPT. 73)
Surface area of 6" leng th  of h ea tin g  tube = TTx 3 x 6 -  0 .393  sq . f t ,
TZ TZ
From F ig .  13, R ad ia t ion  em itted  per m i l l i v o l t  output -  6 7 ,2 5 0  BTU/sq.
f t / h r .
R a d ia t io n  reoe ived  per 6 ” le n g th  of heating  tube per m i l l i v o l t
output ~ 67 ,2 5 0  x 0 .393
= 26 ,4 0 0  BTU/hr.
Hole Ho. 1 Mean therm opile  output -  0 .053  m i l l i v o l t s .
R a d ia t io n  per 6 inches = 0 .053 x 2 6 ,4 0 0  = 1400 BTU/hr.
Hole Ho, 2 Mean therm opile  output = 0 .058  m i l l i v o l t s .
R a d ia t io n  per 6 inohes 0 .058  x 26 ,400  = 1530 BTU/hr#
R ad ia tion  f c r  1 s t  f o o t  = 2930 BTU/hr.
Total heat input = 4 6 ,7 0 0  BTU/hr,
2930
R a d ia t io n  e f f i c i e n c y ,  % 1 s t  f t . r  4 6 ,7 0 0  -  g # 5
R esu lts  fo r  the r e s t  of the tube are tab u la ted  below.
T ota l heat t r a n s fe r  by r a d ia t io n  r 10 ,850 BTU/hr.
.*. T ota l r a d ia t io n  e f f i c i e n c y , ^  = 23 .5
T ota l heat t r a n s fe r  to  6 f t* tu b e  = 28 ,5 0 0  BTtJ/hr.
T ota l heat t r a n s fe r  by c o n v e c t io n  = .28 ,500 -  10 ,850  = 17 .650  BTU/hr.
*\ T ota l co n v e c t io n  e f f i c i e n c y ^  -  37 .5
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41,
Hole
Ho.
Angle of S ig h t in g  
- 0° 45°  90°~ 
M i l l i v o l t s .
Mean 
Value 
M i l l i ­
v o l t s  .
R ad ia t ion  fo r  
6" 1* 
B .T .U .s /h r ,
'""T1 
.................1
S
B
*
1 0 .043 0.053 0.063 0.053 1400
2 0 .037 0*057 0 .080 0.058 1530 2930 6 ,5
3 0.033 0.053 0 .067 0.0515 1360
4 0 .030 0 .047 0 .060 0.046 1210 2570 5 .5
5 0.025 0.037 0.053 0.038 1000
6 0.025 0.033 0.045 0.034 900 1900 4 . 0
7 0.023 0 .030 0 .040 0 .031 820
8 0 .0 2 0 0 .027 0.035 0.027 710 1530 3 .5
9 0.017 0 .025 0 .027 0,0235 620
10 0 .017 0 .020 0,023 0 .020 530 1150 2 .5
11 0.015 0.015 0 ,017 0,0155 410
12 0. 013 0 .013 0.015 0.0135 360 770 1.5
10850 23 .5
The mean output va lu es  were determined g r a p h ic a l ly  from p lo t s  o f  
m i l l i v o l t  outputs vs* angle  of s ig h t in g .  For in t e g r a t io n  purposes i t  was 
assumed th a t  the r a d ia t io n  r e c e iv e d  a t  eaoh of the s ig h t in g  h o les  was 
co n sta n t  fo r  3 inches on e i th e r  s id e  of the hole
STATISTICAL ANALYSIS OF RESULTS. . ■
The r e s u l t s  of a l l  the experiments carr ied  out were analysed  
s t a t i s t i c a l l y .  For th e  f i r s t  s e r i e s  of experiments the programme c a l l e d  
for  a f a c t o r i a l  b lock  of 63 experiments to  in v e s t ig a t e  the e f f e c t s  pf the  
chosen primary v a r ia b le  a t  two or three  l e v e l s  each , as d escr ib ed  in  an  
e a r l i e r  sec t io n . .  Consequently an orthogonal a n a ly s is  was made of the  
r e s u l t s  and r e g r e s s io n  equations obtained in  terms o f  th e se  v a r ia b le s  and 
t h e ir  i n t e r a c t io n s .  Factors  whioh were found to  be s i g n i f i c a n t  in  th e s e  
analyses  are g iv e n  i n  Table 12.
I t  was then  found th a t  fu r th er  / r e g r e s s i o n
4 2 ,
r e g r e s s io n  a n a ly s is  could be ca rr ied  out and the  r e s u l t s  expressed  
s a t i s f a c t o r i l y  as r e g r e s s io n  equations in  terms of h eat input (and ex ce ss  
a i r j .  In Part Vb both forms of equ ation  w i l l  u s u a l ly  be presented and 
d iso u ssed  w ith in  s u b s e c t io n s ,  each d ea lin g  w ith  one of the e f f e c t s  
in v e s t ig a t e d .
In  the second s e r i e s  o f  exp erim ents,  fo r  reasons th a t  w i l l  be 
d iscu ssed  in  Part V, only r e g r e s s io n  a n a ly s is  was ca rr ied  out upon the  
r e s u l t s  and in  most c a s e s ,  th ese  r e s u l t s  were expressed i n  terms of  h ea t  
input and excess  a ir  only.
D e ta i l s  of the s t a t i s t i c a l  methods employed are e x c e l l e n t l y  descr ib ed  
by Maroney?^  ^ Brownleef'^  ^ and Cochran & C o x ^ a n d  w i l l  not be g iv e n  in  
t h i s  t e x t .
43,
PART V.
RESULTS AND DISCUSSION.
The r e s u lt s . ,  which were obtained from experim enta l data and
su bjec ted  to  s t a t i s t i c a l  a n a ly s e s ,  are presented in  Tables 13 and 1 4 ( l s t
s e r i e s  o f  e x p e n m e n ts ) and Table 15 (2nd s e r i e s ) *  For each experim ent,
heat t r a n s fe r  data are expressed  as percentages  of the t o t a l  h ea t  input
in  order to  o b ta in  a c le a r  im pression  o f  the e f f e c t s  o f  the primary
v a r ia b le s .  m e n  expressed  in  t h i s  way, data fo r  t o t a l  heat t r a n s fe r
are r e fe r r e d  to  as t o t a l  thermal e f f i c i e n c i e s .  S im i la r ly ,  data fo r
heat t r a n s fe r  by r a d ia t io n  or oonveotion  w i l l  be r e fe r r e d  to  a 3  r a d ia t io n
or oon veotion  e f f i o i e n o i e s . For heat t r a n s fe r  to  in d iv id u a l  c a lo r im e te r s ,
Heat-output- from ca lo r im eter  x 100 i s  r e fe r r e d  to  in  t h i s  t e x t  as  
T ota l heat input
1 in d iv id u a l  e f f i c i e n c y 1,
HEAT TRANSFER TO. ENTIRE TUBE: T ota l Thermal E f f i o i e n o i e s .
As has been mentioned e a r l i e r ,  by c a l c u la t in g  fo r  each experiment  
of the 1 s t  s e r i e s  the heat tr a n s ferred  t o  tube len g th s  o f  6 f e e t ,  9 f e e t  
‘and 12 f e e t  r e s p e c t i v e l y ,  i t  was p o s s ib l e  to  in c lu d e  tube len g th  as a 
primary v a r ia b le  in  subsequent a n a l y s i s .  The e f f e c t s  of a l l  the  
s i g n i f i c a n t  primary v a r ia b le s  could be expressed  by the following<^UEfcict»t- 
Aerated flames*
E f f i c i e n c y ,  % = 5 64“L (0 .178V *4 ,72D  -  0 .089L - 0 .9 3 )  -  0.095E
*  V( 11*3 -  0 ,  615V* 0.702'VD -  1 6 .8 5 D ) * 5 . 6D * 10.5A
s*d. -  2 .8  (1 )
or ,
E f f i c i e n c y ,  % -  1 6 2 * 5 0  log L log R -  102 log R -  0.094E . . . .  (2 )
s . d .  = 2 ,9
(The mean e f f i c i e n c y  o f  108 r e s u l t s  consid ered  was 73/6 and the range was 
4 3 ,3  -■ 9 6 . $ )  /U on -aerated
. 4 4 .
Non-a erated f l^ames .^
E f f io ie n o y ,  f<, = 80-f-L(3.96 -  0 .0 7 9 L + 0 .7 0 8 P )  -  0 . 10E -  7 3 .4J
- f P ( 5 . 2 8  -  7 .17P+-42.7PJ -  128. l j ;  .............  ( 3 )
s *d. - 2 * 5
o r ,
E f f i c i e n c y ,  % * 1 5 4 * 4 8  log L log  R -  94 log  R -  0 . 10E . . . . . .  (4 )
s . d .  - 2 . 1
(The mean e f f i c i e n c y  fo r  81 r e s u l t s  considered was 73/b and the range 
was 43 ,5  -  97,2%) *
• The s i m i l a r i t y  of standard d e v ia t io n s  fo r  (1 )  and (2 )  and the s l i g h t
improvement in  standard d e v ia t io n  of ( 4 ) over (3) suggested th a t  t o t a l
thermal e f f i c i e n c y  could be pred ic ted  from a knowledge of E, L and R 
only . Consequently w ith in  the l im it s  in v e s t ig a t e d ,  the va lu e  of R 
s e le c t e d  was independent of the com bination of A, D and V or P and J,  
which y ie ld e d  i t .
The r e s u l t s  fo r  both aerated  and non-aerated flam es could be 
combined t o  g iv e  the e q u a t io n : -
E f f io ie n o y ,  $  = 158-f-49 log L log  R -  98 log  R -  O.lE ............  ( 5)
s .d .  = 2 .5
As use of t h i s  eq u a t io n  would not cause undue lo s s  of accuracy , i t  
can be assumed, w ith in  the l im it s  in v e s t ig a t e d ,  th a t  the a c tu a l  type and 
dimensions of burner, and the flame r e s u l t in g  from i t s  u se ,  have a 
n e g l ig ib le  e f f e c t  upon the t o t a l  therm al e f f i c i e n c y  of the system .
Approximate v e r s io n s  of ( 2 ) ,  ( 4 ) and ( 5 ) ,  which are s im pler  in  u s e ,
a r e : -
Aerated f la m e s .
E f f i c i e n c y ,  % -  90 -  5 4 .5  log  R * 7 4 .5  log L -  0.094E . . . . . .  ( 6)
s .d .  = 2.9
/N on-aerated  f lam es .
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Ron-aerated f la m e s .
E f f i c i e n c y ,  % = 8 5 .5  -  49 log R-jh72 log L -  0 . 10E . . . . . .  ( 7 )
s . d . = 2 . 4
Aerated and non-aerated f la m e s .
E f f i c i e n c y ,  % = 88 -  52 log  R-f'73 log L -  0.10E . . . . . .  (8 )
\  s . d .  = 2 .8
For the 2nd s e r i e s  of experim ents,  t o t a l  thermal e f f i c i e n c i e s  could
be expressed  by the e q u a t io n s : -
Aerated flam e s .
E f f i c i e n c y ,  % = 102 -  26 log  R -  0.Q6E s . d .  * 3 . 1  . . . . . .  ( 6a)
Ron-aerated f la m e s .
E f f i c i e n c y ,  fo = 117 -  35 log R -  0.115E s . d .  = 3 . 2  . . . . . .  ( 7a)
Aerated and non-aerated flame s .
E f f i c i e n c y ,  % = 108.5 -  30  log  R -  0 . 084E s . d .  =* 3 . 5  . . . . . .  (8a)
When the r e s u l t s  fo r  t h i s  s e r i e s  of experiments were compared w ith  
e f f i c i e n c i e s  p red ic ted  from eq u ation  (8 ) ,„  f a i r l y  good agreement vms 
obtained .
From a l l  th ese  r e s u l t s ,  thermal e f f i c i e n c y  i s  found to. decrease  w it) i
decrease in  L and in c r e a se  in  E and R.
Decrease of L d ecreases  the surface area a v a i la b le  fo r  t r a n s fe r  of.
heat and t h i s  reduces e f f i c i e n c y .
In crea s in g  E d i l u t e s  the combustion gases ,  and, by reducing t h e ir
temperature and con seq u en tly  the t e m p e r a tu r e -d i f f e r e n t ia l  c o n t r o l l in g
heat t r a n s f e r ,  the o v e r a l l  thermal e f f i c i e n c y  i s  reduced.
The decrease  in  thermal e f f i c i e n c y  w ith  in cr ea se  of R has been
reported by the other workers whose r e s u l t s ,  to g e th er  w ith  th ose  from
the current s e r i e s  of exp er im en ts ,  are i l l u s t r a t e d  in  F ig .  19. In  a l l
/ o a s e s ,
46.
7 .oases  ex cess  a ir  has been taken as 20 -^* Gunn, as mentioned in  an
e a r l i e r  s e c t io n ,  derived  the equation: -
E f f i c i e n c y ,  % = 86*8 -  0 .00139L’-  0.0531E -  0.000014L’E (9 )
(L ’ = Heat ou tput,  B T U /sq .f t /h r )
from s tu d ie s  made on o o a l - f i r e d  Lancashire & Economic B o i l e r s .
While the form of Gunn’ s eq uation  i s  s im ila r  to  equations (6 )  -  ( 8 ) ,  i t
was based upon systems in  which the combustion products were ou tsid e
and the water being heated was in s id e  the h eatin g  tu b e . Heat outputs
ranged from 6 ,0 0 0  -  10 ,000  B T U /s q .f t /h r . which would correspond t o  a
heat input range of 2 , 3 0 0 . -  8 ,500  BTU/hr, on a h e a t in g  tube" 6-12* fse .t  2cqg
and 3 inches in  diam&er. For th ese  Reasons, the eq u ation  cannot be
expected to  f i t  exp erim enta l data obtained from t h i s  heatin g  tube .
The r e s u l t s  of in v e s t ig a t io n s  ca rr ied  out on heat t r a n s fe r  in  .
n a tu r a 1 -g a s - f ir e d  w a ter -ja ck eted  h o r iz o n ta l  h eatin g  tubes and published
4
by the American Gas A s s o c ia t io n ,  are expressed by the e q u a t io n : -
Thermal E f f i c i e n c y  -  71“b20 log  j ?  (Excess Air = 2Q}1)    (10 )
R
p  . .
fo r  va lu es  of L from 0 .2 5  - ' 5 . 0 .  In a l l  c a s e s ,  heat t r a n s fe r  was to
R
b o i l in g  water and co n seq u en tly  lower thermal e f f i c i e n c i e s  than have been
obtained from the current'w ork are to  be expeoted . The range o f  heat
inputs  considered  w a s:-
Heat Input (6 f t .  tube) 10 ,000  -  150,000 BTU/hr.
(12 f t .  tube) 30>000 -  500,000 BTU/hr.
which i s  co n s id era b ly  g rea te r  than th a t  of the cu rren t  work. The e f f e c t  
of varying tube diameter over the range J  in ch  to  6 inches 'was found to  
have no s i g n i f i c a n t  e f f e c t  upon thermal e f f i c i e n c y ,
■ • r /when
47.
YThen the data of Tables 13 and 14 ( fo r  experiments w ith  20$ excess
a ir  o n ly ) were a l s o  arranged in  the above form of eq u a tio n ,
Thermal E f f i c i e n c y ,  $  = 624-39 log  1? s . d .  = 4 , 8  . . . . . .  (11)
R
i t  was found th a t  eq u ation  (11 )  did not f i t  the experim enta l data as w e l l  
as eq u ation  ( 7 ) ,  This i s  to  be expected  s in c e  there i s  no j u s t i f i c a t i o n  
fo r  assuming th a t  the c o e f f i c i e n t  of log  L should be tw ice th a t  o f  log R.
S a leh  in v e s t ig a te d  the e f f e c t s  o f  L, J ,  P and S (d is ta n c e
sep ara tin g  the burner j e t  from the lower end o f  the heatin g  tu b e , in c h e s )  
upon heat t r a n s fe r  from non-aerated c o a l  gas flam es t o  a v e r t i c a l
2 - in c h e s  diameter w ater -co o led  tu b e. He found th a t  a change in  L had
the g r e a t e s t  e f f e c t ;  upon t o t a l  thermal e f f i c i e n c y  o f  the system
but he omitted t o  an alyse  h is  r e s u l t s  fo r  the e f f e c t  o f  h ea t  in p u t.  
The r e s u l t  o f  making such an a n a ly s is  showed th a t  n e ith er  R nor S had a 
s i g n i f i c a n t  e f f e c t  upon thermal e f f i c i e n c y ,  which could be expressed  
by the e q u a t io n s : -
T ota l  therm al e f f i c i e n c y ,  % z 24-f-6L s . d ,  * 3 .2  (1 2 )
or = 6 .5  4-59 log L s . d .  = 3 . 1  . . .  (1 3 )
'-O ■
Although excess  a i r  entrained  in to  the system  var ied  fo r  every  
experim ent, no allowance fo r  the e f f e c t  of i t s  v a r ia t io n  was made i n  
subsequent a n a ly s i s .  Prom S a le h 's  published  da ta ,  i t  can be deduced 
t h a t : -
Excess A ir e n tr a in e d ,  % = 12004~H»8R •  1032 log R . . . . . .  (14 )
s,d». = 22/>
or w ith  s l i g h t l y  grea te r  e r r o r ,
Excess Air e n tr a in e d ,  % = 755 -  500 log  R s . d .  = 28$ (15)
(The mean value fo r  45 r e s u l t s  considered  was 112$ and the range was
5-310%). ,
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in c r e a s in g  R h as . previous ly  been shown to  r e s u l t  in  a d ecrease  o f
t o t a l  thermal e f f i c i e n c y .  I t  has a l s o  been found to  cause a decrease
in  ex ce ss  a ir  en tra in ed ,w h ich  in  turn  leads to  an in cr ea se  in  thermal
e f f i c i e n c y .  The combination of th ese  two opposing e f f e c t s  in  S a le h ’s
system r e s u l te d  i n  t o t a l  thermal e f f i c i e n c y  having no s t a t i s t i c a l
r e la t io n s h ip  w ith  heat in p u t,
The approximate q u a n t i ta t iv e  e f f e c t  o f  vary ing  e x c e ss  a ir  was-
determined in  a sh o r t  s e r ie s  of experiments using S a le h ’ s apparatusV
The q u a n t ity  o f  a ir  en tra in ed  was r e s t r i c t e d  by means of a damper and
est im a ted  by f lu e  gas a n a l y s i s .  Heat input and e x c e ss  a ir  were varied
and t o t a l  thermal e f f i c i e n c i e s  were c a lc u la te d  from measured heat inputs
and h ea t  ou tp uts .  The r e s u l t s  of the experim ents, which are g iv e n  in
Table lCr.were analysed to  g iv e  the e q u a t io n : -
T ota l thermal e f f i c i e n c y ,  % 118.5 -  44 log R -  0 ,1  Ex (1 6 )
s . d . r 1 .8
The c o e f f i c i e n t  of excess  a ir  was found t o  be the same as th a t  fo r  
a h o r iz o n ta l  tu b e ,  i . e .  0 .1  This i s  t o  be expected  as a f i r s t  
approxim ation, s in c e  in cr ea se  o f  e x c e ss  a ir  causes d i l u t i o n  of the  
combustion g a s e s , and p r o p o r t io n a te ly  d e c r e a s e s :t h e ir  temperature and 
the t e m p e r a tu r e -d i f f e r e n t ia l  c o n t r o l l in g  h ea t  t r a n s f e r .  By combining 
equations ( 1 3 ) and (15 )  i t  was found th a t  fo r  S a le h ’s sy ste m ;-
T ota l thermal e f f i c i e n c y ^  82'f- 69 log L -  50 log R -  O.lE . . . .  . . (17)  
This eq u a t io n  and eq u ation  (5 )  were compared in  P i g s .  20 and 21 
by p lo t t in g  fo r  s e v e r a l  v a lu es  of R, t o t a l  thermal e f f i c i e n c y  versus  
tube len g th  in  F ig .  20 and versus  h ea tin g  su r fa c e 'a r e a  i n  P ig .  21. In 
both ca ses  ex c e ss  a ir  was taken  as 20/o» I t  was found th a t  f o r  the same
/tu b e
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tube le n g th ,  t o t a l  thermal e f f i o i e n c y  and heat t r a n s f e r ' f o r  the 3 - in c h
diameter h o r iz o n ta l  tube was 10 -2O^o grea ter  than fo r  the 2 - in c h  diameter
v e r t i c a l  tube. This was a t t r ib u ta b le  both t o  grea ter  r a d ia t io n  heat
tr a n s fe r  from the th ic k e r  column of gases in  the 3 - in c h  tube and a l s o  to
the g r e a te r  surface area presented  by t h i s  tube fo r  c o n v e c t iv e  heat
tra n s fe r *  When the comparison was based upon equal su r fa ce  a r e a s ,  t o t a l
h eat t r a n s fe r  to  the 2 - in ch  tube appeared to  be s l i g h t l y  grea te r  th an  to
the 3 - in c h  tu b e. This would be due to  the s l i g h t  in c r e a se  in  the- cverall
co n v ect iv e  heat t r a n s fe r  c o e f f i c i e n t  o f  the former over t h a t ’ o f  t h e . l a t t e r
s in c e  fo r  the same gas and a ir  in p u ts ,  the mean v e l o c i t y  o f  the gases
f low in g  through the 2 - in ch  tube i s  ( 3 ) 2 tim es g r e a te r  than fo r  the
2
3 - in ch  tu b e. I t  should be noted , however, th a t  the graphs for' both  
systems in  F ig .  21 do not overlap  and any comparison between them i s  
l i a b l e  t o  those err o rs  u s u a l ly  a s s o c ia te d  w ith  e x tr a p o la t io n .
The pronounced v a r ia t io n  in  t o t a l  heat t r a n s fe r  w ith  change of tube  
diameter i s  in  d i r e c t  o p p o s it io n  t o  the c o n c lu s io n  o f  the A.G.A, w orkers.
R ad ia tion  and Convection E f f i c i e n c i e s .!■     ~ ■■■   .
From the r e s u l t s  o f  the 2nd s e r i e s  o f  exp er im en ts ,  r a d ia t io n
e f f i o i e n c y  fo r  the 6 - fo o t  long h ea t in g  tube was determ ined. C onvection
e f f i o i e n c y  was then es t im ated  as the d i f f e r e n c e  between the  exp erim en ta lly
determined va lu es  o f  t o t a l  and r a d ia t io n  e f f i o i e n c y ,  and i t  was
th e r e fo r e  l i a b l e  to  in c lud e errors  p resen t  in  both of  them, which could
p o s s ib ly  obscure some o f the s i g n i f i c a n t  v a r ia b le s .
As the burner c h a r a c t e r i s t i c s ,  D and V for  aerated  flam es and P and
J fo r  non-aerated flames had not been found t o  be s ig n i f o a n t  in  the 1 s t
s e r i e s  o f  ex p er im en ts ,  th ey  were on ly  in v e s t ig a te d  to  a l im ite d  e x te n t
r / i - n the
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in  the 2nd s e r i e s ,  but aga in  were not found to  be s i g n i f i c a n t .  The 
e f f i c i e n c i e s  were ex p ressed ,  in  terms of the s i g n i f i c a n t  v a r i a b l e s ,  by  
the fo l lo w in g  equations  
Aerated f la m e s .
R ad ia tion  e f f i c i e n c y ,  % z  1 5  i og r ^ - 8 A -  21 . s . d .  (18)
(The mean e f f i c i e n c y  of 20 r e s u l t s  considered  was 17$ and the range was 
10-23$)
Convection e f f i c i e n c y ,  $  = 103 -  40 log  R. s . d .  = 4 . 5  . . . . . .  (19 )
(The mean e f f i c i e n c y  of 20 r e s u l t s  considered  was 4 ($  and the range was
29-54$ )
Kon-aerated f la m e s .
R ad ia tion  e f f i c i e n c y ,  $  = 7 4 - 2 4  log  R -  0.075E. s . d .  = 3*3 . . .  (20)  
(The mean e f f i c i e n c y  of 14 r e s u l t s  considered  was 3 1 .5$  and the range was 
23-41$)
Convection e f f i c i e n c y ,  $ ' = 2 4 .  s . d .  = 4 . 5  . . . . . . .  (21 )
(The range of 14 r e s u l t s '  Considered was 18-33$)
Soot p a r t ic le '  form ation , which occurs in  non-aerated flames and
c o n tr ib u te s  the bulk of  t h e ir  r a d ia t io n ,  d ecreases  w ith  in cr ea se  r f
/
primary a e r a t io n .  This i n i t i a l l y  d ecreases  flame r a d ia t io n ,  but as 
primary a e r a t io n  in cr ea se s  f u r t h e r ,  h igher flame tem peratures are  
a t ta in e d  and therm al r a d ia t io n  in c r e a s e s .  This i s  q u ite  apparent from 
the r e s u l t s  obtained in  the p resen t  i n v e s t ig a t i o n  and, as mentioned  
e a r l i e r , - w a s  a l s o  reported  by Sherman. Heat t r a n s fe r  by co n v ec t io n  
from aerated  flam es was found to  be g r e a te r  than from non-aerated flames  
because the h igher flame temperatures of the former r e s u l t e d  in  h igher  
mean tem perature d i f f e r e n t i a l s .
/F nr
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For non-aerated f la m e s ,  r a d ia t io n  e f f i o i e n o y  was found to  decrease
w ith  in crea se  of h eat  input and exoess  a i r .  For aerated  f la m e s ,  on the
other hand, r a d ia t io n  e f f i o i e n o y  increased  w ith  in cr ea se  of heat input
and no s i g n i f i c a n t  e f f e o t  was found fo r  exoess  a i r ,  I t  has been shown
th a t  combustion in  non-aerated flam es i s  c o n tr o l le d  by the ra te  of
22
d i f f u s io n  of a ir  and f u e l  in to  each o th er .  In a d d it io n ,  as-m entioned  
e a r l i e r ,  most of the flame r a d ia t io n  i s  em itted  by s o o t  p a r t ic l e s  
produced by the cracking o f  hydrocarbons in  the f u e l .  C onsequently , an 
in cr ea se  in  h ea t  input or e x c e ss  a ir  in cr ea se s  the boundary v e l o c i t y  of  
the f u e l  stream or the a ir  stream and th ereb y  in c r e a se s  r a te  of 
combustion. T h is ,  in  tu rn , leads t o  a r e d u c t io n  of s o o t  p a r t i c l e  
r a d ia t io n  which d ecreases  flame r a d ia t io n .  In a d d i t io n ,  in crease  of  
excess  a ir  d i lu t e s  the combustion products, reduoes t h e i r  mean 
temperature and s t i l l  fu rth er  reduces r a d ia t io n .
For aerated  f la m es ,  the heat tra n sferred  by oon veotion  was found to  
in crease  a t  a lower r a te  th a n .th e  in cr ea se  o f  h ea t  in p u t .  Consequently,  
the o v e r a l l  mean flame temperature w ith in  the h ea tin g  tu b e , and therefore*  
flame r a d ia t io n ,  increased  w ith  heat in p u t .  In the f i r s t  one or two 
f e e t  of the h ea t in g  .'tube* in crease  of ex ce ss  a ir  did not a f f e c t  the flame 
and in  the la tter ',  part o f  the tu b e , when exoess  a ir  was ab le  to  d i lu t e  
the combustion products and decrease  t h e ir  mean tem perature, r a d ia t io n  
had decreased co n s id era b ly  and the e f f e o t  of e x c e ss  a ir  upon, r a d ia t io n  
beoame n o n - s i g n i f i c a n t ,  1
I t  might be expected  th a t  in c r e a s in g  exoess  a ir  would in cr ea se  the
mean v e l o c i t y  o f  combustion products and con seq u en tly  in cr ea se  the
c o n v ec t iv e  h eat  t r a n s f e r  c o e f f i c i e n t .  At the same t im e, however, th ese
/com b u stion
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combustion products would a l s o  be d i lu te d  and t h e ir  mean temperature 
reduced* As v a r ia t io n  of ex cess  a ir  was not found to  b e . s i g n i f i o a n t ,  
i t  appears that. in . t h e  system  in v e s t ig a te d  th ese  two e f f e c t s ,  
accompanying an in crease  o f  excess  a i r ,  ca n c e l le d  each other o u t .
Because of the fundamental d i f fe r e n c e  in  r a d ia t io n  c h a r a c t e r i s t i c s  
of aerated  and non-aerated f la m e s ,  i t  was .not p o s s ib le  t o , r e l a t e  t h e i r  
r a d ia t io n  e f f i c i e n c i e s  by a s in g le  ex p ress io n  to  the s i g n i f i c a n t  
v a r i a b l e s .  Equations (18) and ( 20)  to g e th er  w ith  eq u ation  (5 )  fo r  t o t a l  
thermal e f f i o i e n c y ,  are i l l u s t r a t e d  in  F ig ,  2 2 ,  At a low h eat  in p u t ,  
i t -w a s  found th a t  r a d ia t io n  accounted fo r  about 50%, in  the case  of  
non-aerated f la m e s ,  and 12,-20% i n  the case o f  aerated  f la m e s ,  of the  
t o t a l  h e a t .t r a n s fe r r e d , which i t s e l f  was 8 ($  of the t o t a l  heat in p u t.
At a h igh  heat in p u t ,  only  55%> of the t o t a l  heat input was tra n sferred  
and r a d ia t io n  accounted for,. 60% and 30-45/£ o f  th© h ea t  i ira n sferred  fo r  
non-aerated and aerated  flam es r e s p e c t i v e l y .
Flame c h a r a c t e r i s t i c s  depend upon th e  way i n  which combustion a ir  and 
f u e l  are brought in to  c o n ta c t .  For the system under c o n s id e r a t io n ,  t h i s  
was governed by the nature of the h ea tin g  tube in  which combustion  
occurred , This can e a s i l y  be i l l u s t r a t e d  by a simple experiment in  
which a h o r iz o n ta l  flame burning in  f r e e  a ir  i s  in se r te d  in to  a g la s s  
tu b e ,  s l i g h t l y  g r e a te r  i n  diameter than the maximum f r e e  flame diam eter .  
The flame w i l l  be observed to  in cr ea se  in  len g th  and to  take up a r ip p le  
e f f e c t .  The. governing nature o f  the h ea tin g  tube must always be taken  
in to  account in  comparing the p resen t  work w ith  th a t  o f  the r e l a t i v e l y  
few  workers who have published  q u a n t i ta t iv e  in form ation  concerning flame 
r a d ia t io n .
/S a le h
53.
S a leh ,  in v e s t ig a t in g  non-aerated flames burning in  a 2 - in ch  diameter  
w a ter -ja ck eted  v e r t i c a l  tu b e ,  found th a t  flame r a d ia t io n  accounted fo r  
25-55% of the t o t a l  h eat  output t o  the w a ter .  As b e fo r e ,  he did not  
an alyse  h is  r e s u l t s  fo r  the e f f e c t  of heat input but i t  can r e a d i ly  be 
deduced from h is  published  data th a t :
R ad ia tion  e f f i c i e n c y ,  % -  2 0 .5  log R -  2 .  s .d* = 3 . 0  (22)
This eq u ation  i s  based upon r e s u l t s  in  which exoess  a ir  en tra ined  
decreased from 500% fo r  the low est h ea t  inputs to  5% fo r  the h ig h e s t  ..heat 
in p u ts .  For t h i s  reason  i t  cannot be used fo r  comparison w ith  the  
cu r r e n t  work. However, by assuming, as b e fo r e ,  th a t  th e  c o e f f i c i e n t  o f  
e x ce ss  a ir  was the same fo r  S a le h ’s system  as fo r  the p resen t  system ,  
i . e .  - 0 .0 7 5 ,  combining equations (1 5 )  and (22) g i v e s : -
R ad ia tion  e f f i c i e n c y ,  % = 55 -  17 log  R -  0.075E.................................... ( 23)
Although i t  i s  p o s s ib le  to  j u s t i f y  such an assumption when co n s id er in g  
t o t a l  therm al e f f i c i e n c y ,  on the grounds th a t  in cr ea s in g  exoess  a i r  tends  
to  d i lu t e  the combustion products p r o p o r t io n a te ly ,  t h i s  reason  does not
j u s t i f y  the assumption upon which eq uation  (2 3 ) i s  based . This i s
because the e f f e c t  of a l t e r in g  ex ce ss  a ir ,  upon r a d ia t io n  from non-aerated  
f l a m e s , i s  dependent upon th e  complex i n t e r - d i f f u s i o n  c h a r a c t e r i s t i c s  o f  
a ir  and f u e l  as w e l l  as the prod uction  and combustion of r a d ia t in g  so o t  
p a r t i c l e s .  N e v e r th e le s s ,  even  i f  the c o e f f i c i e n t  o f  e x c e ss  a ir  i s  as 
much as 5 ($> g rea te r  or sm a lle r ,  which i s  q u ite  p o s s i b l e ,  the r e s u l t a n t  
equ ation  w i l l  be s im i la r  in  form to  eq u ation  ( 2 3 ) ,  i.e,* r a d ia t i o n  
e f f i o i e n c y  fo r  non-aerated flam es w i l l  d ecrea se  w ith  in c r e a se  o f  heat  
in p u t.
Equations based upon th ese  su ggested  l im it s  fo r  the c o e f f i c i e n t  of
/ e x c e s s
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exoess  a ir  a r e : - .
R adiation  e f f i o i e n o y ,  % -  73,5 -  30 log  R -  0,1E . ..........  ( 24 )
and
R a d ia t io n  e f f i o i e n o y ,  % -  36 -  4 ,5  log R -  0.05E . . . . . .  (25)
They are presented  to g e th er  w ith  equations (2 0 )  -  ( 23)  in c lu s iv e  in
Fig* 23 fo r  a va lue  of E -  20fo, O bviously , s p e c u la t io n  as to  the e f f e o t  
of exoess  a ir  upon S a le h ’ s system could be s e t t l e d  by a s e r i e s  o f  
experim en ts.  These would be more involved  than th ose  reported  in  
Table ( 16)  and o u ts id e  the scope o f  the p resen t  work* Other published  
q u a n t i ta t iv e  data upon t o t a l  r a d ia t io n  from flames have been oonfined  to  
flam es burning in  f r e e  a i r ,  and fo r  reasons mentioned above, are not  
s u i t a b le  for  comparison w ith  the  p resen t  work.
As c o n v e c t iv e  e f f i o i e n o y  fo r  non*-aerated flam es was found t o  be 
independent of heat in p u t ,  the heat tra n sferred  by oon veo tion  w i l l  be 
p ro p o rt io n a l to  heat input and can be expressed  by the e q u a t io n : -
Heat t r a n s fe r  by c o n v e c t io n ,  B T U /sq ,f t /h r • = 42 R"f"25, * • * . , ,  ( 26 )
s . d .  = 300
In t h i s  eq u a t io n ,  h eat  t r a n s fe r  was expressed  per u n i t  area « f  h ea tin g  
tube; in  order to  compare i t  w ith  r e s u l t s  fo r  c o n v e c t iv e  h ea t  t r a n s fe r
published  by S a leh .  These oan be expressed  a s : -
Heat t r a n s fe r  by o o n v e o t io n /B T U /sq .f t /h r . -  OTR-^SBO (27)
s . d ,  * 130
For eaoh of 3 va lu es  cover in g  the range o f  R common to  both  
in v e s t ig a t o r s ,  the con veo tive  h eat t r a n s fe r  (B T U /s q .f t /h r ) was estim ated  
t o  b e : **
r
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R (1000 BTU/hr)
(a )  Sa leh  (2 - in c h  tube)
(b) Ashton ( 3 - inch tube)
R atio
20 30 40
2260 3230 4200
8 65 1285 1705
2 . 6 2 .5 2 .5
A s im p l i f i e d  formula fo r  h ea t  t r a n s fe r  by forced  oon veotion  from gases  
,7b
l s  : “
h -  Const* x K / vdY**®
1
flow in g  m  tubes i s : -
;• D y
d V=y/
where H = Heat t r a n s fe r  c o e f f i c i e n t #
K = Thermal c o n d u c t iv i ty ,  
v ~ Gas v e l o c i t y .
D -  Tube d iam eter .
>5 = Kinematic v i s c o s i t y .
For the same flow  r a te  o f  combustion products in  both the 2 - in ch  and the
3 - in ch  tu b e s ,
V e lo c i t y  ( 2 - in c h  tube) z /  g ’f  
Ve loo i t y  ( 3 -  inch tu b e ) 1 2 /
and i f  the thermal c o n d u c t iv i ty  and kinematic v i s c o s i t y  are assumed to  be 
the same, th en , '
0 .8
h ( 2 - inch tu b e ) -  / 2 >\0#8 / 32 ) 3  -  „ n
h ( 3 - inch  tube)  ^ g*/ X \ p /  Z“ " ^ i l
^  This value fo r  the r a t i o  o f  co n v ect iv e  heat t r a n s fe r  c o e f f i c i e n t s
shows f a i r  agreement w ith  the ex p er im en ta lly  found r a t i o s ,  above.
However, as flame r a d ia t io n  fo r  S a le h ’ s system  has been shown to  be 
somewhat l e s s  than fo r  the p resent system , the r a t i o  of ( r a d ia t io n  ^  
co n v e c t io n )  fo r  both systems w i l l  be l e s s  than the r a t i o  fo r  oonveotion  
a lo n e .  This i s  in  agreement w ith  the co n c lu s io n s  in  the previous s e c t io n  
bn t o t a l  h ea t  t r a n s f e r ,  where i t  was shown th a t  the t o t a l  h eat  t r a n s fe r  per 
u n i t  area was s l i g h t l y  g rea te r  fo r  the 2 - in oh  tube than fo r  the 3 - in ch  tube.
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HEAT TRANSFER PER FOOT LENGTH: T o ta l  E f f io i e n c y .
Equations ( 28 )  t o  ( 5 1 ) ,  which were obtained by s t a t i s t i c a l  
a n a ly s is  o f  the r e s u l t s  o f  the 1 s t  s e r i e s  o f  experiments and r e l a t e  the  
s i g n i f i c a n t  primary v a r ia b le s  to  the heat tra n sferred  t o  each of the f i r s t  
s i x  c a lo r im e te r s ,  are presented  in  Table 17.
However, for  ca lo r im eter  1, more complex r e g r e s s io n  a n a ly ses  were 
made which showed t h a t : -  
Aerated flames*
E f f i c i e n c y ,  % -  120 -  89 log R*f 0.63R -  0 .0 5 8 E -H .2 A - f5.3D . . . .  (52)
s . d ,  s  0*9
Non-aerated f lam es .
E f f i c i e n c y ,  % » 132.7  -  97 .5  log  R*|.0.84R -  0.037E • « . . .  (53)
s . d ,  * 1*4
As th ese  eq uations f i t  experim enta l data e q u a l ly  as w e l l  as  
equation s  (28)  and ( 3 4 ) ,  i t  can be concluded th a t  the main e f f e c t  of
changing A, D and V or P and J was to  a l t e r  hea t  in p u t .  However, fo r
aerated  flames a s l i g h t  a d d i t io n a l  e f f e c t  accompanied an in crea se  o f  A and 
D.
In creas in g  A in creased  the r a te  o f  combustion which inoreased  flame  
tem perature. T h is ,  in  tu rn , tended to  in orease  c o n v e c t iv e  h ea t  t r a n s fe r  
and a l s o  non-luminous r a d ia t io n .
In creasin g  D produoed a th ic k e r  f lam e. This r e s u l te d  in  an in orease  ®f 
flame e m is s iv i t y  and flame su rface  a r e a ,  both of which in creased  heat  
t r a n s fe r  by r a d ia t io n .
For c a lo r im eter s  2 -S ,  i t  i s  apparent th a t  ‘ in d iv i d u a l1 e f f i c i e n c i e s  
could be p red ic ted  from a knowledge of R and E o n ly .  C onsequently , here
again  the on ly  e f f e c t  o f  changes in  A, D and V or P and J was to  ohange
r / h e a t
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heat in put.
At low heat inputs flame lengths are sh o r t  and th e r e fo r e  a l l  the  
h ea t  of combustion o f  c o a l  gas w i l l  be l ib e r a te d  w ith in  “the f i r s t  th ree  or 
four c a lo r im e te r s .  C onsequently, the g r e a t e s t  amount o f  heat t r a n s fe r  
w i l l  occur in  t h i s  part o f  the system  and the s e n s ib le  heat and heat  
t r a n s fe r  from the gases  emerging w i l l  be r e l a t i v e l y  low.. With in crease  
of heat in p u t ,  flame leng th  w i l l  in cr ea se  and the  t o t a l  h ea t  o f  combustion  
w i l l  be l ib e r a te d  a t  a p r o p o r t io n a te ly  s low er r a t e .  C onsequently , the  
p rop ortion  o f  heat t r a n s fe r  in  the e a r ly  part of the system  w i l l  be low er,  
the s e n s ib le  heat of the gases  emerging w i l l  be higher and heat t r a n s fe r  
in  the l a t e r  part of the system w l l  be p r o p o r t io n a te ly  g r e a te r .
This i s  confirmed by the change i n  the  e f f e c t  o f  in c r e a s in g  log  R, 
as shown by eq u ation s  ( 4 0 ) - ( 4 5 )  and by equations  ( 4 6 ) - ( 5 l )  and 
i l l u s t r a t e d  in  F i g s .  24 and 25 fo r  aera ted  and non-aerated flames  
r e s p e c t i v e ly .  The i n i t i a l  n egative  e f f e c t  of such an inorease  i s  
g ra d u a lly  reduced and then reversed  in  s ig n  in  p assin g  from ca lo r im eter  1 
t o  oa lor im eter  6.
S a leh  deduced equations ex p ress in g  heat t r a n s fe r  to  in d iv id u a l  
c a lo r im eter s  in  terms o f  ? ,  J and S but did not an a lyse  h is  r e s u l t s  for  
the e f f e c t  o f  heat in p u t .  The r e s u l t s  of such an a n a ly s is  o f  h is  data  
are presented in  Table 18 (eq u ation s  ( 5 4 ) - ( 5 9 ) ,  from which i t  w i l l  be 
seen  th a t  h eat  tr a n s fe r  t o  in d iv id u a l  ca lo r im eter s  can a g a in  be pred icted  
from a knowledge o f  heat input (and S ) on ly ,  and i s  independent o f  the 
burner c h a r a c t e r i s t i c s .
S a leh  d i d . n o t  in v e s t ig a t e  the e f f e c t  o f  varying ex ce ss  a ir  in  h is  
system  and any p r a c t i c a l  in t e r p r e t a t io n  of  h is  r e s u l t s  i s  th ere fo re
/ l i m i t e d . .
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TABLE 18 ; STATIONS FOR HEAT TRANSFER TO HOr/IDUAL 
CALORIMETERS, ( SALEH*S DATA),
Calorimeter
No*
Equation; 
individual1 Efficiency, fo = s,d*
Equation
No,
1 7*2 log R + 1,2 S ~  4,3 1,1 64
2 11*4 4- 3d25 log R 1,0 55
3 14*4 -  0 , 3 6  S 0.9 56
4 9*5 0 , 7 57
5 8*1 0 . 5 53
6 6,8 r-0«7 59
1 23*6 -  11*2 log R + 1*2 S -  0,037S 60
2 30,4 'r*. 9,3 log R 0a025S 61
3 27*2 ~ 8*5 log R -  0,36 S m'0*CEL7E 62
4 20al -  7 ,0  lo g  R- -  0 ,0 1 4 3 65
TABLE 19 ; EFFICIENCIES PREDICTED BY- STATISTICAL RELATIONS
Ashton = 2 0 6 vLeh,.S « 1
A erated Non-aerated Uncorreoted  
fo r  E- '
* f*
E a 20
"s t.
R I^OCO ETU/hr,
Cal. 1 2 0 24,0 2 1 , 8 6 , 2 9.5
30 14 7 13,2 7*4 7>6
40 1 0 , 0 -9*4 8*3 6 * 1
6 0 6 ,7 8,3 *-* M
Gal, 2 2 0 19*0 2 1 , 8 15*7 1 7 * 8
30 15,1 18*4 1 6  * 3 1 6 , 1
40 12o4 .1.6 * 0 1 6 * 6 15*1
6 0 8 ,4 12 9 5
C al. J 2 0 11,7 1 2 * 6 14,0 15*4
30 1 0 * 1 m a 34* 0 13,9
40 9*0 1 1 c 2 1 4 , 0 1 2 ,5
6 0 8 *1 ' 10,5
C al, 4 2 0 9,5 1 0 , 2 9*5 . 10*7
30 9*1 9,5 9,5 9*4
I 40 8,9 9,1 9,5 8 * 6
| 6 0 8 , 6 8 , 4 Mr M
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l im it e d .  On the assumption p r e v io u s ly  made, th a t  the q u a n t i ta t iv e  e f f e c t  
of varying excess  a ir  i s  approxim ately the same for  both the 3 - in ch  and 
2 - in c h  tu b e s i  equations ( 5 4 ) - ( 5 9 )  were r e - in t e r p r e t e d ,  u s in g  eq u ation  (1 5 )  
t o  g iv e  equations ( 6 Q) - ( 6 3 ) ,  Table 18, The various equ ation s fo r  
determ ining the e f f i c i e n c y  of h eat  t r a n s fe r  t o  in d iv id u a l  ca lo r im eter s  are 
compared fo r  s e v e r a l  va lu es  of R in  Table 19.
R ad ia tion  E f f i c i e n c y .
Equations ( 6 4 ) - ( 7 5 )  which r e l a t e  the v a r ia b le s  found t o  be 
s i g n i f i c a n t  in  the second s e r i e s  of experiments t o  the h e a t  tra n sferred  by 
r a d ia t io n  to  each f o o t  len g th  o f h ea tin g  tu b e ,  are presented  in  Table 20,  
For aerated  f la m e s ,  r a d ia t io n  e f f i c i e n c y  was found t o  in cr ea se  w ith  
in crea se  o f  primary a e r a t io n  fo r  the f i r s t  3 f e e t  and w i t h  in crease  of  
heat input fo r  the f i r s t  4 f e e t .  These in c r e a se s  fo l lo w  the p a ttern  of  
r e s u l t s  obtained when co n s id er in g  r a d ia t io n  e f f i c i e n c y  fo r  the e n t ir e
6 - fo o t  tu b e .  For the f i r s t  f o o t  le n g th ,  the r e l a t i v e l y  large in crea se  in  
r a d ia t io n  e f f i c i e n c y  w ith  in crea se  of A, over the range in v e s t ig a t e d ,  
confirms the assumption made p r e v io u s ly ,  when d is c u s s in g  e f f i c i e n c y  of  
heat t r a n s fe r  to  ca lo r im eter  1, th a t  the e f f e c t  found fo r  A (eq u ation  (52)  
was due to  i t s  e f f e c t  upon flame r a d ia t io n .  Wo co n firm a tio n  was obtained  
from flame r a d ia t io n  data to  the f i r s t  f o o t ,  f o r  the e f f e c t  p r e v io u s ly  
found fo r  D (eq u ation  5 2 ) ,
For non-aerated f lam esj the d ecrease  of e f f i c i e n c y  w ith  in crea se  o f  
heat input a l s o  fo llow ed  the p a tte r n  of r e s u l t s  p r e v io u s ly  d is c u s s e d .
The v a r ia t io n  of r a d ia t io n  e f f i c i e n c y  along the le n g th  o f  the  
h ea t in g  tu b e ,  fo r  h igh  and low v a lu es  of R, i s  i l l u s t r a t e d  in  F i g s .  24 and
/2 5
2 5 , fo r  aerated  and non-aerated flam es r e s p e c t i v e ly .  h(i
LENGTH OP VISIBLE FLAME. * \:-----------    j-
For the 1 st  s e r ie s  of experim ents,  the e f f e c t  o f  a l l  the v a r ia b le s  
th a t  were found to  be s i g n i f i c a n t  (Table 12) can be expressed  by the  
fo l lo w in g  e q u a t io n s : -
si;
Aerated f lam es . "
Flame le n g th ,  ins# -  14 .7  -  25*5A-f,'61M?D — 0 .0 5 2 4 * 2 .05V, (76)
s . d .  = 4 . 8 ; i n s «
or -  65 log R -  15A -  0 . 05E -  16   ( 77)
s*d.  s  4 . 7  i n s .
(The mean va lu e  for  36 r e s u l t s  considered  was 53 inches and the range was -
30-75 in c h e s ) .
Hon-aerated  f lam es .
Flame le n g th ,  i n s .  -  5.0P-4-293J -  • 0 . 145E -  8 .  s . d .  s  5 . 5  i n s .  . . .  (78)
or = 34 log  R -  0 .145E 4-4 . s . d ,  2 6 . 0  in s .  . . .  ( 79)
(The mean va lue fo r  27 r e s u l t s  considered  was 48 inches and the range 
was 30-72 in c h e s ) .
A nalys is  of data on flame lengths presented by Saleh  gave the  
e q u a t io n : -
Flame le n g th ,  in s ,  :  68 log R -  44 s . d .  = 8 . 4  i n s .  (80)
or,  w ith  s l i g h t l y  g rea te r  accuracy,
= 3.8R -  106 log R-j-102 s . d .  * 6,5 in s .  . . . .  (81)
As b e fo r e ,  w ith in  the l im it s  in v e s t ig a t e d ,  i t  i s  apparent th a t  flame
lengths  can be determined from a knowledge of R and E (and A fo r  aerated  
flames ) on ly ,  and th a t  changes in  the burner c h a r a c t e r i s t i c s  (P and J or 
D and V) on ly  produce changes in  h ea t  in p u t.
/Flame
15 20 30 40 5 0  60
.HEAT INPUT IOOO B.T.U/HR
FIG.26
FLAME LENGTH v  HEAT INPUT
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Flame len gth  was found to  increase  w ith  ,
1} in crease  o f  R. This i s  a c h a r a c t e r i s t i c  o f  f lam es in  which mixing  
and combustion o f  gas and secondary a i r  i s  governed predominantly  
by d i f f u s io n  ra th er  than by tu rb u len ce ,
2 )  decrease  in  B. This i s  c h a r a c t e r i s t i c  o f  combustion which takes  
place in  a l im ited  a ir  supply*
3 )  decrease  in  A. This i s  due to  the r ed u c t io n  o f  primary combustion  
which occurs between gas and premixed a i r  on the inner flame con e,  
w ith  consequent in cr ea se  in  secondary d i f f u s io n  combustion in  the  
outer flame zone*
Equations (77)  and ( 7 9 ) , fo r  E s  20$, and eq u ation  (8 1 )  are  
i l l u s t r a t e d  in  F ig .  2 6 .  Ho deductions can bo made from the comparison  
w ith  S a le h 1s work s i n c e , f o r  the range i l l u s t r a t e d ,  e x c e ss  a i r  i n  h is  
system  var ied  from 5 *3 0C$ and t h i s  would in  i t s e l f  have a pronounced 
e f f e c t  upon flame le n g th .  I t  has not proved p o s s ib le  t o  determine the  
e f f e c t  upon flame le n g th  o f  ohanging e x c e ss  a i r  i n  S a le h ’s  system*
The re d u c t io n  in  the r a te  o f  change o f  flame le n g th  w ith  h eat  input  
in  ohanging from aerated  to  non-aerated flam es s u g g e s ts  t h a t ,  fo r  the  
l a t t e r ,  the governing e f f e c t  o f  a i r / o o a l  gas d i f f u s i o n  upon flame length  
i s  l e s s . t h a n  fo r  the form er. I t  oan be ooncluded, t h e r e f o r e ,  th a t  
i n i t i a l l y  non-aerated flam es are d i f f u s i o n  flam es but change to  
t r a n s i t i o n a l  flam es w ith  in o rea se  of h ea t  in put.
F L U E  H E I G H T
From the a n a ly s i s  of experim enta l d a ta ,  equations were obtained  
fo r  p r e d ic t in g  the required  f lu e  h e ig h t  fo r  any predetermined gas and a ir  
inputs w ith in  the ranges in v e s t ig a t e d .  For a g iv e n  tube le n g th ,  on ly  
heat input and exoess  a i r  were found to  be s i g n i f i c a n t  and the b e s t  f i t  
r e g r e s s io n  equ ation s  found for  a l l  the data a n a ly sed ,  are s e t  out below.
Type
of
Flame.
E q u ation :-  
Flue H e i g h t , i n s . -
s . d .
i n s .
No. of  
resu lts
Mean
H eight
i n s .
Range
i n s .
Equation
No.
12 f t ,  he*ating  tube *
A erated. 2.3R*h0.023ER -  60 20 34 68 15-216 as
Non-
Aerated. 1.5R4“0.027ER -  50 23 26 63 12-240 83
Both* 1 .9R +  0.025ER -  55 Z l i 60 - - 84
6 f t .  hea t in g  tube
Aerated. 0 . 95R-f* 0 . 011ER -  34 20 30 6-108 85
Non-
A erated . 0,82R ^0.014ER  30 9k 14 35 3-114 86
Both, 0 , 90R 4* 0 . 012ER -  31 9k 34 — 87
For e i t h e r  the 6 - fo o t  or 1 2 - fo o t  tu b e ,  the s i m i l a r i t y  o f  the standard j
d e v ia t io n s  obtained from eq u ation s  based on data from aerated  or from non*^  j
aerated  f la m e s ,  t o  the standard d e v ia t io n  obtained when th e  data were i
combined, su g g e s ts  t h a t ,  w i th in  the l im i t s  in v e s t ig a t e d ,  the type of
flame has a n e g l i g ib l e  e f f e c t  upon the required  f lu e  h e ig h t .  Flue h e ig h t
/ t h u s
thus approximates to  a fu n c t io n  of gas r a te  (rep resen ted  by the ’R* term) 
and a ir  r a te  (rep resen ted  by the ’ER* term ).
For a 12- f o o t  heating  tu b e , a v a r ia t io n  of -L 21-g- inches in  f lu e  
h e ig h t  w i l l  produce a change o f t V s  of the va lu e  of e x c e ss  a ir  c a lc u la te d  
from eq u a tio n  ( 8 4 ) ,  As has been shown in  the previous seotnm s, t h i s  w i l l  
not have any n o t ic e a b le  e f f e c t  upon heat tr a n s fe r  w i t h in  the system*  
S im ila r ly  fo r  a 6 - fo o t  h ea t in g  tu b e ,  a v a r ia t io n  of 9^ - inches in  f lu e  
h e ig h t  w i l l  not r e s u l t  in  any n o t io ea b le  change in  h ea t  t r a n s fe r .
When eq u a tio n  (8 4 )  was t e s t e d  on r e s u l t s  obtained  from prelim in ary  
experiments on t h e .1 2 - f o o t  h ea tin g  tu b e ,  which were ca rr ied  out before  
the a ir -b o x  was e r e c te d ,  f a i r l y  s a t i s f a c t o r y  agreement was achieved  
between va lu es  o f  E determined from a n a ly s is  o f  the  f l u e  g a ses  fo r  CO^and 
the c a lc u la te d  v a lu e s .
F lue H e igh t,  
in o h e s •
;
Gas R ate,  
c u . f t / h r . o ro
°^ Exoess A ir ,  %
Observed. C a lcu la ted .
42 100 11,5 10 2
84 100 8 .3 49 35'
84 60 5 ,4 120 109
54 91 10 .4 20 20
54 61 7 , 0 77 67
84 120 10,3 21 17
On the  assum ption th a t  f lu e  h e ig h t  var ied  l i n e a r ly  w ith  tube le n g th ,  - 
equations  (84 )  and (87) were combined to  give:*-
Flue h e ig h t ,  in s .  s (0 .167L  -  0. l ) ( l ,4!'0.013E)R -  4L -  7 (8 8 )
Aerated
Burner
Ron-aerated
Burner.
63.
Part v i .
SUMMARY AND CONCLUSIONS.
An in v e s t ig a t i o n  o f  the system in  whioh o o a l  gas burns in s id e  a 
w a te r - ja c k e te d ,  h o r iz o n ta l ,  3 - in ch  tu b e ,  term inating  i n  a v e r t i c a l  f l u e ,  
has been c a r r ie d  out in  two s e r ie s  of experim ents. In the f i r s t  s e r i e s ,  
the primary v a r ia b le s  whose e f f e c t s  were in v e s t ig a t e d ,  w ere : -
(a )  Length of heating  tube .
(b) Excess a i r .
( c )  Primary a i r - t o - g a s  r a t i o  (by volume)
(d) Burner tube d iam eter .
( e )  A ir /g a s  mixture v e l o c i t y .  J
( f )  Burner j e t  d iam eter.
' (g )  Gas pressure behind the burner j e t .
Because heat input was a fu n c t io n  of ( c ) ,  (d) and ( e ) or ( f )  and 
(g )  i t  was in v e s t ig a te d  as a secondary v a r ia b le .  In the second s e r i e s ,  
primary a ir - t o - g a s  r a t i o ,  ex c e ss  a ir  and heat input were made the primary 
v a r ia b le s .
The experim enta l r e s u l t s  were analysed s t a t i s t i c a l l y  and only  those  
e f f e c t s  found t o  have a s ig n i f i c a n c e  l e v e l  g r e a te f  than 0 .0 1  were a ccep ted .  
I t  ?ms found t h a t ,  w i t h in  the l i m i t s  I n v e s t ig a te d ,  the type o f  flame  
employed (aera ted  or n on -aera ted ) and the d e s ig n  o f  burner producing i t  
( i . e .  the combination of primary burner v a r ia b le s  s e l e c t e d )  had no 
s i g n i f i c a n t  e f f e c t  upon t o t a l  heat t r a n s fe r  to  the e n t ir e  tu b e ,  nor upon 
t o t a l  thermal e f f i c i e n c y .  T o ta l thermal e f f i c i e n c y  was found to  in crea se  
w ith  d ecrease  of heat input and ex cess  a ir  and in c r e a se  of tube le n g th ,
/and
64,
and oould be expressed by the r e g r e s s io n  e q u a t io n :*-
T ota l thermal e f f i c i e n c y *  % = 88 -  52 log  r4*73 log L -  0.10E
s . d .  = 2 .8
or w ith  s l i g h t l y  g r e a te r  accuracy by
T ota l thermal e f f i c i e n c y ,  % -  158*^49 log  R log  L -  98 log  R -  0.10E
s , d .  -  2 .5
The e f f e c t s  of the v a r ia b le s  on the r a d ia t io n  and co n v ec t io n  
components of h eat  t r a n s fe r  depended upon whether the flame was aerated or 
non -aerated . For aerated f la m es ,  h eat t r a n s fe r  by r a d ia t io n ,  expressed  as 
a percentage of the t o t a l  h ea t  in p u t, was found to  in cr ea se  w ith  in crease  
of primary a e r a t io n  and heat in p u t. Heat t r a n s fe r  by c o n v e c t io n ,  
expressed  in  a s im ila r  way, was found to  in cr ea se  w ith  decrease  of heat  
in p u t. These r e la t io n s h ip s  could be expressed  by the r e g r e s s io n  equations  
R ad ia tion  e f f i c i e n c y ,  % = 15 log  -  21. s . d .  = 1.3
Convection e f f i c i e n c y , ^  = 103 -  40 log R* s . d ,  = 4 .5
For non-aerated f la m e s ,  r a d ia t io n  e f f i c i e n c y  was found t o  increase  
w ith  decrease of h eat  input and excess  a ir  w h ile  none of  the v a r ia b le s  
in v e s t ig a te d  had a s i g n i f i c a n t  e f f e c t  upon co n v ec t io n  e f f i c i e n c y .  The 
r e g r e s s io n  equ ation s obtained w ere:-
R a d ia t io n  e f f i c i e n c y ,  % = 74  ^ 24 log R -  0 .075E, s . d .  = 3 .3
Convection e f f i c i e n c y ,  % = 24 ,  ^ s . d ,  = 4 .5
S a le h ,  in  a s im i la r  in v e s t ig a t i o n  upon a v e r t i c a l , 2 - i n c h  tu b e ,  
derived  eq uations  r e l a t i n g  the fa c to r s  in v e s t ig a te d  to  h is  primary  
v a r ia b le s  which were tube le n g th ,  d is ta n c e  sep a ra t in g  the burner j e t  from 
-the bottom of the heatin g  tube and the burner c h a r a c t e r i s t i c s ,  gas 
pressure and j e t  d iam eter . Further a n a ly s is  of h is  r e s u l t s  hhs shown 
th a t  the burner c h a r a c t e r i s t i c s  were not them selves  s i g n i f i c a n t  but the
/ e f f e c t
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e f f e c t  of a l t e r in g  them was to  a l t e r  heat in p u t,  which was a s i g n i f i c a n t  
v a r ia b le .  Comparison o f  h is  r e s u l t s  w ith  those  of the p resen t  
in v e s t i g a t i o n  has been made d i f f i c u l t  because the exoess  a i r  in  h is  system  
was not c o n tr o l le d  and var ied  from 5/o fo r  a h igh heat inp ut to  30($ fo r  a • 
low h eat input and t h i s  had a large  e f f e c t  upon the fa c t o r s  in v e s t ig a t e d .  
N e v e r th e le s s ,  the r e s u l t s  of a few experiments,made upon S a le h 's  o r ig in a l  
apparatus in  which the a ir  en tra in ed  was d e l i b e r a t e ly  r e s t r i c t e d , suggested  
th a t  the e f f e c t  of vary ing  ex ce ss  a ir  was approxim ately the same fo r  both  
system sr By r e - in t e r p r e t in g  S a le h 's  r e s u l t s  t o  include e x c e ss  a ir  as a 
primary v a r ia b le  i t  was found th a t  fo r  the same tube le n g th  and heat  
in p u t ,  more heat was tra n sferred  to  the 3 - in c h  tube than to  the 2 - in c h  
tube but heat t r a n s fe r  per u n it  area was h igher fo r  the sm aller  diameter  
tu b e .
The heat tra n sferred  per f o o t  len g th  of the 3 - in c h  h ea t in g  tube was 
found to  in crea se  to  a maximum w ith in  the 1 s t  two f e e t  and then to  
d ecre a se .  The thermal e f f i c i e n c y  of h ea t  t r a n s fe r  per f o o t  len g th  or 
’ in d iv i d u a l1 e f f i c i e n c y  behaved s im i l a r ly  and was a l s o  found to  decrease  
w ith  in crease  of e x c e ss  a i r .  Increase o f  h ea t  input i n i t i a l l y  caused a 
decrease  of in d iv id u a l  e f f i c i e n c y  but the r a te  of d ecrease  dim inished and 
then reversed  in  s ig n  t o  an in c r e a s e ,  in  going from the 1 s t  to  the  6th fo o t  
of the h ea tin g  tu b e.
Because the in v e s t ig a t io n s  were ca rr ied  out w ith  warm w ater ( i . e .
below 40°C) in  the w a te r - ja c k e ts  of the h o r iz o n ta l  tu b e ,  va lu es  of heat
t r a n s f e r ,  c a lc u la te d  from the various  eq uation s ob ta ined , w i l l  be s l i g h t l y
higher than i f  there had been b o i l i n g  water in  the w a t e r - j a c k e t s .  More
accurate  v a lu es  fo r  h ea t  tr a n s fe r  t o  b o i l in g  v/ater can, however, be 
1 / c a l c u l a t e d
66.
c a lc u la te d  a f t e r  tak ing  in to  c o n s id e r a t io n  the reduced temperature 
d i f f e r e n t i a l s  between the combustion products and b o i l in g  w ater .
Flame len g th  was found to  increase  w ith  in orease  of h ea t  in p u t ,  
deorease of ex ce ss  a ir  and in  the case  of aerated  b u rners ,  w ith  decrease  of 
primary a e r a t io n .  I t  was r e la t e d  to  th ese  v a r ia b le s  by the equations  
Aerated f la m e s ,
Flame le n g th ,  in s .  -  65 log  R -  15A -  0.05E -  16. s .d .  -  4 ,7  in s .
Non-aerated f lam es.
Flame le n g th ,  i n s .  = 34 log  R -  0 .1 4 5 E + 4 .  s . d .  = 6 in s .
As has been reported by other w orkers , in crease  of flame le n g th  w ith  heat
input i s  a c h a r a c t e r i s t i c  of d i f f u s i o n  f la m e s .
For a g iv e n  t u b e ' le n g th ,  f lu e  h e ig h t  was found t o  be a fu n c t io n  of
gas r a te  and a i r  r a te  and could be r e la t e d  t o  tube le n g th ,  h ea t  input and
the amount of ex ce ss  a ir  in  the  system by the e q u a t io n : -  
Flue h e ig h t ,  in s ,  = (0 .167L  -  0 . 1)( 1 +  0.013E)R -  4L -  7.
This work has in d ic a te d  th a t  a fu r th er  in v e s t ig a t i o n  could  c o n s i s t
of more p r e c is e  s tu d ie s  of the v a r i a t i o n  of flame r a d ia t io n  w it h in  the
system . The v a r ia b le s  th a t  were not found t o  be s i g n i f i c a n t  in  the
cu rren t i n v e s t ig a t i o n  could be exc lu d ed , but i t  would be advantageous to
includ e in  a fu ture  in v e s t ig a t i o n  the e f f e c t  of improving the lu m in o s ity  of
non-aerated  f la m es ,  e i th e r  by adding i l lu m in a n ts  such as butane t o  the
c o a l - g a s ,  or e l s e  by preheating  i t  before combustion. A p a r a l l e l
i n v e s t i g a t i o n  cou ld  a l s o  be ca rr ied  out upon the e f f e c t  of in trod u cin g
b a f f l e s  or turbulence promoters in to  the h ea tin g  tube t o  improve heat
tr a n s fe r  by c o n v e c t io n .
67.
APPJMDIX I
A statistical analysis of the manufacturers records for 
a period of one month showed that towns gas consisted ofs-
c°2 3*72 + 0.54 $
°2 0.69
+ 0.09 i
CO 1 4 * 6 + 2.36 $
V 5 0 . 2 + 1.61 %
Paraffins* 19*9 1 . 4 8  %
rTJn saturated1 3* 68 + 0.76 $
*2
7*2 + 0.95 %
From this analysis it was found that 1 cu.ft, of towns gas 
theoretically requires 4 * 1 9 — 0 . 0 9  cu.ft. of air for combustion 
and produces
CM
OO
0.49 0.02 cu.ft.
H2°
1.01 + 0 , 0 3 cu.ft.
Total Dry Products 3 . 8 9
+
0.05 cu.ft.
The flue gases theoretically contain 12.7 - 1*0 5® 00^ 
on a dry basis.
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TABLE 5 ? AI
Experiment No* 1 2 3 4 5 6 7 8 9 10
1953-
lo/ll 11/11 1 6 / 1 1  19/11 25/11 2 6 / 1 1 1/12 2/12 3/12 3/12
Gas Rate (corr.) 
cu,ft/hr.
89,3 116.8 47.8 92.? 75.2 5 6 . 2 76.6 101.4 92.1 72.7
Aar Rates(corr.) cu.ft/hr
P rim ary 0 0 0 0 0 0 0 0 195 155
Secondary or Combustion 460 590 325 785 6 3 0 375 385 8 5 0 270 4 6 5  1
Primary Air: Gas Ratio 0 0 0 0 0 0 0 0 2.1 2.1
Excess Air, % (actual) 21 19 6 0 100 100 58 20 100 18 100
CO2% (“by analysis) 10.3 6.1 10.5
Air Temperature °C. 22 23 22 21 1 9 20 19 21 21 21
Relative Humidity % 6 5 77 62 6 3 7 0 71 70. 74 75 75
Barometer ins, w.g. 30*4 30.3 29.8 30.5 3 0 . 4 30.1 30.3 3 0 . 1 29.7 2 9 . 7
Coal Gas
s.g,(air = l)
0.44 0.44 0.45 0.44 0.43 0,42 0.41 0 .4 0 0.41 0.41
A.T.B. No. 76 79 72 8 5 82 8 4 8 4 87 8 7 87
Pressure drop within
—2system, ins, w.g. x It
Air B®x — Atm, -1*45 -0 . 6 3  -0 , 8 4 2.29 0 . 2 5 -1.77 -2,07 3.03 -1.37 0.43
Air Box - 3" up flue : 1.0 2.27 0*66 5.19 2.61 0.59 0.73 5.92 1.63 2,84
Air Box - lr3° up flue 0,64 1.77 0,43 4.68 2,25 0.26 0.31 5.44 1,17 2.47
Air Box ~ 3f3fl up flue -0,#9 0.95 0.01 3.84 1*56 -0,42 -0 . 5 0 4 , 6 0 0,27 1.70
Air Box - 6*3" up flue -1.2* -0,33 -i,6l 2.61 0,53 -1.40 -1.68 3.35 -1,08 0 , 6 5
Air Box - 6*9" up flue -1*36 -••54 -0.73 2,38 0.35 -1.57 -1,87 3.10 -1.33 0,47
Estimated flue height ins, 
ins.
36 66 39 : 1 5 0 93 24 24 171 45 9 6
TABLE 5: AIR, GAS MD FLU]
I--------------:--------- :--------
jExperiment No, 22 23 24 25 2 6 27 28 29 30 31 -
Date. 23/12
1954
6/l 6/1 7/1 7/1 11/1 13/1 12/1 1 2 /1  1 3 /1  3Lj
.
Gas Rate (corr)cu*ft/hr*
i
9 6.4 55.1 54*3 117.8 9 2 . 6 5 0 , 0 49.2 40.1 53.6 37.7 <
Air Rates cu*ft/hr Primary 
(corrected)
200 78 1 1 5 0 0 0 0 55 75 0
Secondary or Combustion 6 2 0  3 0 0  34-5 783 ~ 593 2 5 0  419 2 8 0  2 0 0 2 5 0 k i
Primary Air, Gas Ratio 2,1 1.4 2.1 0 0 0 0 1.4 1.4 0
Excess Air, % (actual) 100 6 2  1 0 0 58. 52 18 100 100 21 5 6 1
CO^ % (by analysis) 6.1 7.8 6.1
Air Temperature °C 19 1 3 1 3 14 16 16 18 18 1 6 1
Relative Humidity % 70 . 59 59 55 55 68 68 6 4 6 4 68 i
Barometer ins,w.g. 30.2 3 0 . 0  30,0 30.3 30.3 30.3 30*3 29.4 29.4 3 0 , 0 7
Coal Gasj s.g. (air= l) 0.43 0 , 4 8  0 , 4 8 0,48 0 . 4 8 0 . 4 6 0.46 0 . 4 6 0.46 0.47
A.T.B. No. 83, 71 71 74 74 76 76 75 75 72 1
Pressure drop within system
- 2ins. w.g. x 10
Air Box - Atm, 3.89 -0.69 -0,97 2.40 -0,51 -1,44 -1,20 1.17 -1.30 -1,39 -
Air Box - 3” up flue | 5.94 O . 8 5  1.20 5.36 2,20 0.39 0.94 0,62 0,34 0,53
Air Box - lf3" up flue 5*57 0 . 6 3  0.87 4.87 1.77 0,15 0.63 0.35 0.10 0,33
Air Box - 3*3" up flue 4,92 0.15 0.24 4.25 0.98 -0,38 -0.02 -0.17 -0.35 -0.28 -
Air Box - 6*3" up flue 4.08 -0.53 -0.72 3.01 -0.20 -1.17 -0.98 -0,99 -1,03 -1.15
Air Box - 6*9" up flue 4.00 -0.64 -0,87 2.65 -0.43 -1.29 -1.13 -1.15 -1.13 -1.33 -
Estimated flue height ins.
i
216
i .
4 8  48 171 69 21 39 30 21 27
TABLE 5: AIR, GAS AND PH
Experiment No* 43 44 45 46 47 48 49 50 5 1 52 53
Date*
CM 15/2 17/2 1 7 / 2 18/2 18/2 22/2 22/2 24/2 24/2 25/ ;
Gas Rate (corr)cu*ft/hr. 54*8 76,3 29.7 53.3 xoo.l 73*9 75.6 97*3 53.4 41*0 117*1
Air Rates cu,ft/hr* Primary 
(corrected)
115 157 0 0 137 105 157 135 112 57 165
Secondary or Combustion 165 225 155 4 5 0 700 510 345 355 160 ,145 620
Primary Air: Gas Ratio 2*1 2*1 0 0 1.4 1.4 2*1 1.4 2*1 1.4 1*4
Excess Air, % (actual) 20 17 23 97 97 95 57 19 20 ■ 18 57
C0^% analysis) 1 0 . 5 6*2 1 0 * 4
Air Temperature °C 21 21 20 20 15 15 20 20 1 6 16 19
Relative Humidity %
'
81 81 76 81 81 66 66 70 70 73
Barometer ins* w#g* 29*8 29*8 29*8 29.8 30*2 30*2 30,2 30*2 29,9 29*9 29.]
Coal Gas: s*g*(air = l) 0*44 0*45 . 0*45 0,46 0,46 0*46 0*43 0*43 0*43 0*43 0*44
A.T.B. No. 79 79 74 74 72 72 79 79 79 79 75
Pressure drop within system
-  2ins, w.g, x 10
Air Box - Atm* -0*60 -1*51 0*41 -1*07 -3*60 -o.,ia - 0,63 -1*08 -0.93-0*51 -3.93
Air Box - 3” up flue 0,59 0.97 0,09 0,85 6*86 3.05 2*11 2,35 0*26 0*37 1,31
Air Box - lf3u up flue o 35 0*54 0*09 0,52 6 * 4 6 2*60 1*68 1*83 0 . 0 4 0 * 2 4 6.88
Air Box - 3*3" up flue -0 , 0 7  -0*28 0,11 -0*02 5.41 1*64 0.77 0*66 -0,37 0.01 5.85
Air Box - 6*3” UP flue -0.58 -1*33 0,14 -0*89 3.90 0,44 -0*42 -0*70 —0.86 -0.40 4.6C
Air Box - 6l9" up flue -0,64 -1*46 0*17 -1*01 3*74 . 0,30 -0*59 -0*92 -0*93-0*48 4.25
Estimated flue height ins* 33 30 — 39 168 93 63 57 18 39 192
TABL-B WATER RATES, INLET AND OUTLET 3
EXEERIMMT No. 4 6 7 8 10
Heat Input 1000 B.T.U/hr. 
Water Inlet Temp. °C.
44-6 58.4 25.9 46.4 37,6 28 .1 -38 .3  50,7 46.1 36.4
13.45 12.85 34,0 13.1 12.15 11.9 12.45 12.1 12.0 12.6
Cal, 1 Temp, C.
Rate lb/hr. 
Output B.T.U/hr.
Cal. 2 Temp. °C.
Rate lb/hr. 
Output B.T.U/hr,
Cal, 3 Tenp, °C.
Rate lb/hr. 
Output B.T.U/hr,
Cal, 4 Temp. °C.
Rate lb/hr. 
Output B.T.U/hr.
Cal. 5 Temp, °C,
Rate lb/hr. 
Output B.T.U/hr.
Cal, 6 Temp, °C.
Rate lb/hr,. 
Output B.T.U/hr.
Cal. 7 Temp. °C.
Rate lb/hr. 
Output B.T.U/hr.
Cal. 8 Temp. °C.
Rate lb/hr. 
Output B.T.U/hr.
Cal, 5 Temp. °C.
Rate lb/hr. 
Output B.T.U/hf*.
Cal, 10 Temp. °C,
Rate lb/hr. 
Output B,T.U/hr.
Cal,11 Temp, °C,
Rate lb/hr. 
Output B.T.U/hr»
Cal. 12 Tenp. °C.
Rate lb/hr. 
Output B.T.U/hr,
31.85 30.1 
109.6 114.8 
3635 3570
59.5 25.7 28.45 35,2 31-3 25.65 32.0 30.5 3C
45.5 104.0 82,8 81.8 104.3 116.5 112,9 87-1
3740 2360 2435 3440 3540 2700 4070 2820 b
35.5 33.95 49,25 
170 ,9 192.1 76.6
7235 7730 5250
41.20  44.05 47.55
108.9 H 8.1 67,5 
5020 6230 3440
31.15 31.45 33.5 
124.7 139.9 53.8 
4340 4920 2270
r
28.55 30.95 31.0  
132 131.3 55.1 
.3540 4280 1590
34.9 38.5 35.3 
85.8 83.8  4 5 .2
3025 3520 1400
28.5 30.85 29.7
86.5 89.8  28.1  
2644 3270 1090
30.35 29.9 31.5 30.85 29.15 29.05 29.85 j
173.9 340.3 140 jS 179.5 194.7 159.1 125.4 6
5755 4830 5360 &315 6330 5240 4105 3
36.45 29.25 28.3 30.7 30.05 30.6  31.2 c
106.9 124.1 117.5 145.9 157.1 150.5 U7.5 1C
4170 3490 3075 4445 4765 4705 3730 2
32.6
62.4
2240
35.8 31.25 
62.0 22.8 
2620 750
27.7
124.7 
3565
28.7 
108.2
3070
35.15
74.2
2660
28.6
77.9
2475
31.7
61.7 
2130
27.8  25 .O 26.5 25.65 27.45 27.55 2
98.7 102.6130.7 140.2 138.6 109.2 7
3085 2680 3590 3690 4170 3245 1
28.0 24.3  26.4 26.2 27.35 27.75 22
93.4 94.1 U7.5 131.3 131.0 97.0 5 
2670 2085 2955 3355 3630 2660
34.3 29.45 31.95
62.4 65.0  80,5
2195 1825 2560
32.8  23.55 24.0 IE
88.8 170.9 132.0 £ 
3035 3255 2455
27.75 23,75 25.35 28.75 
62.4 59.7 79.5 94.1 
2050 1510 2105 2780
27.4 27.4 1 
92.7 71.6 3 
2880 2205
31.75
43.2
1605
36.2 40.7 32.75 
41 .6  39.3 12.2  
1780 2115 435
35.6 36.05 
42.9 27.4 
1280 1280
21.8 22,9 23.45 22.2 22.8 
119.5 131.3 31.7 117.2 76.2 
1510 1950 360 1665 1185
21.0 22.4 21.75 
110.9 117.5 37.6 
^1345 1905 350
26.5 22.05 
71.9 71.6 
1560 1080
22.85 25.55 
92.7 102.6 
1570 2350
22.5 25.35 24.15 
30.4 90.8 69.0 
465 2000 1495
26.7 
44.9 
1250
28.65
27.4 
875
19.05
72.6
735
16.95
80.6
595
19.75
53.5 
755
29.7 32.35 24.85 
53.1 59.7 99.3 
1725 2280 2265
25.3 1 
82.2 5 
1840
32.3 37.15 24.55 24.45 1 
35.6 38.6 86.6 75.6 4 
1335 1845 1965 1595
22.4 25.05 
78.2  85.8  
1200 1765
23.6 24.25 1 
83.5 65.0 3 
1725 1365
18,65 ; 21.0 19.7 
108.6 119.1 113.9 
1015 1645 1350
20.9 1
88.5
1485
22.15
72.3
1270
29.8
81,5
2600
25,2  29.4 
79.9 60.1 
1905 1820
Experiment No*
TABLE 6j  WATER PATES, INLET AND OUTLET
22 23 2A 25 26 27 28 29 30 31
Heat Input 1000 BfT.U/hr,
Water Inlet Temp*m 0*
Cal. 1 Temp. °C
Eate lb/hr. 
Output B.T»u/hr,
Cal. 2 Temp. °C
Eate lb/hr. 
Output B,T.U/Hr,
Cal. 3 Temp, °C
Eate lb/hr. 
Output B,T.u/hr.
Cal. 4 Temp. °C
Eate lb/hr. 
Output B. T, U/hr»
Gal. 5 Temp. °C
Eate lb/hr. 
Output B.T.u/hr.
Cal, 6 Temp. °C
Bate lb/hr. 
Output B.T,U/hr.
Cal. 7 Temp. °0
Eate Ib/hf. . 
Output B, T. U/hr.
Cal. 8 Temp. °C
Eate lt/hr. 
Output B»T,u/hr,
Gal. 9 Temp. °C
Eate lb/hr. 
Output B.T.U/hr.
Cal.lO Temp. °C
Eate lb/hr. 
Output B ,T .tr/hr.
Cal.ll Temp. °C
Eate lb/hr. 
Output B,T.U/Hr.
Cal,12 Temp. °C
Eate lb/hr. 
Output B. T.u/hr.
48.2 27.S 
11,15 7.8
27.2
7.75
58.9
8.P5
46.3
7,7
25.0
7.2
24.6
7.15
20.1
7,9
2 6 . 8
7,8
18,9
7.45
29.6 16.2 24.85 20.5 19.4 15.6 14.7 22.5 '24.95 20.6f
75.6 225.0 95.0 256.1 127.1 294.4 246.8 142.0 138.0 171.6
2 5 2 0  3295 2940 5755 4445 4465 3355 3 7 3 0  4 2 6 5  4090
29.35 25.9 24,4 25.0 22,35 22.25 22.3 18.45 21.3 19.0
132.7 128.7 134.6217.8 2 0 2 . 0  1 7 9 , 5  145.2 175.0 174.2 173.6
4 7 0 5  4 5 6 5  4385 7005 5635 5 1 8 0  4 2 6 5  3555 4505 3 8 5 0
22.2 19.15 17.65Z3.25 19.15 13.55 13,05 18.1 22.4 20.1
2 4 4 . 2  162.4 180.8224.4 2 4 1 . 2  315.5 291.7 135.3 1 3 6 . 0  9 7 , 7
4505 2955 2 9 0 0 5 8 1 5  4 6 8 5  3315 2 8 0 0  2 2 6 0  3315 1985
27.55 18.55 16.7 19.9 18.05 15.35 15.3 15.7 18.9517.65
1 1 6 . 8  122,8 135.3 217.8 182.2 165.0 135.6 124.0 133.3 84,2
3770 2600 2360 4900 3590 2580 2145 1905 2900 1745
25.85 1 8 . 2 5  1 6 . 6  17.3516.1 15.3 15.6
126,1 1 1 6 , 2  117.2 255.02L8.6 132.7 111.2 
3 2 95 2 1 6 5  1865 4 2 3 0  3 275 1945 1685
16.7 21.45 15.9 
9 2 . 0  9 0 . 4  9 0 . 0  1  
1 4 9 0  2 2 8 0  1 3 3 0  3
26.9- 19.6
98.7 98.0 
2990 1885
24.8 1 6 . 2  
94.7 87.8 
2 6 2 0  1 4 9 0
1 8 . 0  1 8 .0 5 1 6 . 7  1 5 , 6 5  1 6 . 8  19.4 21.5 24.35
96.7 212,3183.7 112,5 89.1 6 7 .O 82.5 37.6
1 6 0 5  3650 2820 1550 1390 1 2 1 0  1 7 6 5  9 9 0
15.3 19.6 17.85 17.7 15,0 
88.8 148,9 1 2 4 . 0  6 O. 7  77.5 
1370 3335 2 4 8 0  1 3 5 0  1 2 5 0
I6 . 0 5  20.3 21.3 
58.4 58.0 23.8 
1 0 1 0  1 4 5 0  875
26.85 18.25 17.6 
80.2 61.4 64.7 
2300 1 1 9 0  1190
19.65 17.35 12,55 14.45 13.95 17.2 19.15
135.3 124.7 1 1 1 . 2  8 3 . 2  7 5 . 0  6 7 , 7  3 0 . 0
2 8 4 0  2165 970 1 0 7 0  7 7 5  1 0 7 0  595
22.05 15.4
1 0 8 , 6  7 1 . 9
1985 950
15.25 19.85 17.5 11.95 13.5 12.7 
77.2 112,0 105.7 94.7 78.2 8 2,6 
1 0 1 0  2 3 8 0  1865 8 1 0  8 7 5  695
14.2 li.55
82.2 89.4 
895 495
26.75 13.95 14.3 
6 0 , 4  7 0 . 6  75.6 
I8 0 5  735 875
28.55 14.85 15.4 
50.8 54.8 59.0 
1270 575 675
17.65 15.8 10.85 1 2 . 6  1 2 . 7  13.7 11.05
1 1 6 , 8  109.7 92.7 75.5 71.6 71.0 65.0
1985 1570 595 .715 6 1 5  755 395
19.7 17.55 12.25 15.0
90.7 84.7 57.4 46.5 
1705 1350 435 555
13.65 14.95 11.95 
50.2 49.8 55.1 
415 515 375
21.0 10.95 11.65 15.35 14,2 11.2 
119.8 130.4 124.1 188.0 150.0 64.0 
2125 735 875 2 4 8 0  1 7 6 5  455
14.75 13.05 14.0 11,4 
5 3 . 0  5 6 . 1  56.1 61.4 
735 515 635 435
Experiment No* k3 44 45
TABLE? 6 s WATER RATES j 
TS 47 48 49 50 51 52 53
Heat Input 1000 B*T*u/hr* 
Water Inlet Temp* °C.
Cal* 1 Temp. °C
Eate ll/hr* 
Output B. R.u/hr*
Oal. 2 Temp. °C
Eate lb/hr* 
Output B*T*U/hr*
Cal. 3 Temp* °0
Eate lb/hr* 
Output B.T.U/hr*
Cal. 4 Temp. °C
Eate lb/hr. 
Output B.T*U/hr.
Cal. 3 Temp. °0
Eate lb/hr.
Output B. T. u/hr *
Oal. 6 Temp. °C
Eate lb/hr. ' 
Output B.T.u/hr.
3al. 7 Temp. °C
Eate Xfc/hr.
Output B.T.u/hr<>
15al. 8 Temp. °C
Bate lb/hr.
Output B «T ,u/hr.
CaX, 9 Temp. °C
Eate Xb/hr,
Output B.T,U/hr*
GaX.XO Temp, °G
Eate Xb/hr.
Output B ,T ,u /h r.
GaX»Xl Temp. °C
Eate Xb/hr.
Output B .T .u /h r,
CaX.12 Temp. °0
Eate Xb/hr,
Output B. T.u/hr.
27.4- 3 8 .2  14,9  26.7 50.1 37.0 37.8 . 48.7 26.7 20.5 58.
4.45 5.7 6.0 5.9 5.45 5.4 7.1 7.0 7.1 7.35 6.8
26.8 20.6 24.85 18.3 16.5 19.75 20.X 20.3 24.9 27.65 22,
134.6 167.6 132.0 134.0 105.9 106.9 143.9 145.9 144.2 122.4 74.
5440 : 4505 4485 2995 2225 2760 3375 3495 4625 4485 21C
24.5 22.5 19.1 20.2 19.5 19.35 22.0 22.75 24.8 22.95 20.
116.2 163.4 139.3 153.8 166,3 166,3 166.3 167.6 139.9 121.1 190
4605 5280 3555 4245 4485 4525 4765 5080 4685 373© 478
16,25  21,45 19.25 17 .0  17.05  14 .8  20.4 21.5 21.6  20,85 &5.
177.5 153.8 85.8 154.4 234.3 233.6 168.3 169.0 134.3 114.2 165
3375 4030 1785 2935 4625 3600 3730 4110 3155 2460 538
16.7 17.6 16.5  18.85 17.95 15.55 18.2 19.9 18.25 17.5 23.
118.1  158.4 68 .0  96 .4  159.1 159.7 155.8 157.7 121.8 93.7 159
2860 3630 1490 2500 3850 3175 3335 3930 2660 1905 520
16.35 15.85  11.8  14 .2  16.5 13.9 17.65-20.05 16.85 15.6 23..
103.6 166.3 93,7 138.3 177.5 178.2 149.8 153.1 119.5 99.0 138,
2225 3015 895 1965 3495 2685 2860 36IO 2085 1430 41?<
15.2 16.95 13.0 17.85 18.5 14.8 16.55 19.25 16.7 14.65 23/
103.6  138.6  60.4  87.5 -141.2 149.2 157.1 163.7 107.6  95.7 139,
1845 2620 635 1725 3115 2310 2460 3355 1665 1110 379<
14.5 16.8  9.7 13.9 18.8  15.05  17.55  21.9 15.3 13.25 22.{
68.6 106.9 50 .2  95.7 101.0 105.6  106.3  103.6 81.8  69.3 107.
1450 2360 415 1545 2700 2075 2205 3075 1410 855 3375
14.55 17.5 8.9 12.8 16.95 13.65 16.0 19.7 13.5 11.85 19.(
64 .0  89.8  73.9 112.2 120.8 121,4 123.4 125.4 95.0 78.5 125.
1170 1925 355 1370 2460 1770 1965 2840 1050 615 3155
10.95 14.75 8.3 12.75 16.95 13.35 15.85 19.5 12.9 11.35 20.S
89.1 105.6  67.3 99 .0  107.9 108.2  108.2  109.6 85 .1  71.3 112.
990 1665 260 1230 2245 1540 1745 2460 975 .495 284C
12.45 15.25 8.2 12.7 17.5 13.35 1 6 .0  19.4 12.6 10.95 21.C
56.1 82.5 53.5 83.2 89.8 89.8 91.7 92.4 70.6 58.1 95.C
835 1450 220 1010 1965 1285 1470 2045 695 375 242c
12.65  15.4 8 .1  12.85 17.1 13.5 16.1 19 .0  12.25  10.6  21.5
49.8 76.2 51.5 79,9 87.1 87.8 87.8 89.8 66.7 54.8 89.8
575 1130 160 855 1590 1085 1250 1705 495 240 2105
12.4 17.5 7.75 1 2 . 0  1 3 . 9  12.95 15.25 17.7 10.85 9.75 2 0 . 6
50.8 60.1 64,0 96.4 140.6 104.9 105.6 106.3 83,2 73.9 HO.
735 1270 200 1050 2145 1425 1550 2045 555 315 274c
TABLE) 8 :  GAS AND AIR KATES, HEAT INPUTS AND 01
Experiment No* 6 4. 65 6 6 6 7 6 8 69 70 71 72 73
Date 1955# 18/7 18/7 19/7 1 9 / 7 1 9 / 7 2 0 / 7 20/7 20/7 21/1 23/'
Gas Eate (corr* )cu*ft/hr* 74*5 74.1 71*5 70.7 1 1 8 . 0  1 1 9 , 0  1 1 9 . 7  119.7 94,1 93.J
Heat Input, 1000 B*T,U/hr. 37.25 37*05 35*75 35.35 5 9 . 0 59.5 59.85 59.85 47*05 4 6 ,’
Air Eate (corr*) Erimaiy 
cu* ft/hr*
Secondary
160
225
160
480
100
2 7 0
100
5 1 0
170
445
170
850
250
360
2 5 0
7 6 0
200
610
20
280
Primary Air: Gas Eatlo,- 2,1 2.1 1.4 1.4 1.4 1.4 2,1 2.1 2.1 2.1
Excess Air, fo* 23 106 23 1 0 5 24 104 21 101 1 0 5 22
Air Temperature, °C* 23 23 24 2 4 24 20.5 20*5 20*5 2 1 . 5 21,
Eelative Humidity, %* - 65 6 5 70 70 70 59 59 59 6 4 64
Barometer, ins.w.g* 30,2 3 0 . 2 3 0 , 2 3 0 * 2  3 0 * 2 30*3 30,3 3 0 . 3 3 0 . 3 30,
Goal Gas: s.g* (air « 1} 0*44 0*44 0.44 0*44 0,44 0*43 0,43 0,43 0*43 0*4
. , A, T, B. No. * 85 85 85 85 85 82 82 82 85 85
Visible Slame Length ins* 66 54 78 72 72(+) ' 72 72(+) 66 60 75
Heat Output to Water* 
Water Eate lb/hr* 918 908 6 2 0 685 1185 1 2 3 0 1 0 0 5 805 715 96c
Inlet Temperature °G, 22 22 21.5 21,5 21.5 21 21 21 20.5 20.
Outlet Temperature. °C* 36.5 34.5 40.5 37.5 34.5 33.5 38.5 41,5 41.5 36
Heat Output, 1000 B* T. U/hr* 24*0 20,4 21*2 19*7 28.8 27.7 31.7 29*7 2 7 .O 28*
Total Thermal Efficiency, 64.3 55*1 59.3 55.8 48,8 46*5 52,9 49.6 57.4 6 1 *
pressure Drop within system, 
ins, ts#g* x io  ^
*
Air Box - Atm# -1,95 --0*72 -1 * 6 0 -0*53 -I. 3 0  +3,09 *1*27 +3*04 +0*56
Air Box - 6M up flue* +0.27 +1*33 +0.47 +1*45 +1.45 4 . 9 0  +1,39 -4.92 +2,58 +0 , 6
Air Box - 1*611 up flue. -0*44 +0.77 *•0 , 2 1  +0.74 +0 * 6 0 4.37 +0.56 44.23 +2 . 0 5 -0,2
Air Box - 3 f6” up flue. -1*58 -0,59 -1 , 6 0 -0.41 -0.85 3.19 --0.89 2,95 +0.91 -1.5
Estimated Elue Height, ins. 12 30 15 33 30 108 27 96 60 15
TABLE 9 : GAS AND AIR RATES, HEAT INPUTS ,
Experiment No, 84 ~£5 86 " ' 87 :•. 88 . 89; 90 91
Date 1955 15/11 16/11 16/11 i6/ii 17/H 21/11 2 2/ n 23/11
G-as Rate (corr#) cu* ft• /hr* 67*0 96*8 34.# 34.0 88.9 . 112,5 97*3 8 8 , 9
Heat Input,1000 B.T.U./hr. 33*5 48*4 17.0 17*0 44*45 56.25 48.65 44*45
Air Rate(corr«) cu* ft ♦/hr. 550 500 175 290 750 560 820 450
Excess Air,$ (actual) 96 23 22 100 100 , 19 100 21
Air Temperature,°G 20*5 19 19 19 20 17 . 19 20
Relative Humidity, % 56 57 57 57 62 6 9 66 67
Barometer, ins. w.g, 30*6 30*3 30.3 30.3 30.6 3 0 . 2 30.3 30.6
Coal G-as: s.g,(air=l) 0,44 0,45 0*45 0.45 0.43 0*44 0.45 0*43
A.T.B. No* 76 78 78 78 80 77 78 80
Visible Blame Length ins. 42 75 42 36 48 72(+) 54 54
Heat Output to Water 
Water Rate lb/hr* 472 510 242 272 469 5 % 480 ,594
Inlet Temperature, °C 12.0 12.0 11*5 11*5 12.0 10.5 12,5 12.0
Outlet Temperature, °C 31*5 40.5 40*5 37.5 39*0 W.5 40.0 36.5
Heat Output,1000 B*T*U*/hr, 16,6 2 6 , 2 12.6 10.4 22,8 32.2 23.8 2 6 , 2
Total Thermal Efficiency,^ 49.5 54.1 74*3 61.1 5 U 3 57.2 4 8 . 8 58,9
Pressure drop within system 
ins.w.g. x 10 - ^
Air Box — Atm* +2*85 -3*36 -2*09 -2,14 -1.36 -3.60 -0,53 -3*9f
Air Box - 6n up flue +1#2$ +1.21 -0*08 +0.12 +2.95 +1*56 +3*95 +0.5^
Air Box - 1* 6’1 tsp flue +0* 5$ +0*47 -0.37 -0*27 +2* 36 +0,86 +3*45 —0,1/
Air Box — 3*6n up flue -1*00 -1*09 -1.05 +1,15 —0 , 6 2 +2*12 —1,6.
Air Box - A13,f up flue ~1,23 -1*52 —1*34 -1.33 +0 . 7 1 -1.21 +1.68 -2,01
Air Box 6* 3H up flue -3*01 -1*95 -1.98 -0.83 -2.80 +0,18 -3.3<
Air Box — 6* 9T‘ up flue -2*49 -3*33 -2.0? -2*09 -1.15 -3.13 -0.15 -3.6(
Estimated Blue Height,ins. 30 24 3 9 63 33 78 15
TABIxB 1 0 ; DI/iPHRAG-M ffrROMBTER READINGS. RADIA
Thermopile Readings m*v
* P f t .  .
• Radiation per Radiation Thermopile li
Hole Angle of Sighting 6” 1’ Efficiency .Hole Angle of
Ho* ; i f 1i
o 
I 
o 
i  
kvi 60° 90° B.T.U's/hr. fo No. 0° 4
1 0*045 0.050 0,060 0.06& 1430 1 0,045 o.c
2 0.040 0.050 0.057 0.060 1370 2800 7.5 2 0,040 o.c
3 0.035 0,040 0.045 0,050 1120 3 0.035 o.c
4 0.030 0,035 0.037 0*045 960 2080 5*6 4 0.027 o.c
5 0.027 0.030 0,030 0.035 790 5 0,025 o.c
6 0,023 0.025 0.025 0.025 ul 660 1450 3*9 6 0*020 o.c
7 0.020 0,020 0,020 0.020 530 7 0.015 o.c8 0.015 0.015 0.015 0.017 400 930 2,5 8 0,013 o.c
9 0.013 0,013 0.013 0.015 340 . 9 0.010 o.c10 0.007 . 0,007 0.010 0.013 240 580 1*5 10 0,007 o.c
11 0.005 0.005 0.005 D.010 160 11 0.005 o.c
12 0.003 0.003 0,003 O.OO7 90 250 0,7 12 0.003 o.c
8090 a - 21.7
, # '
EXP3M f f l  NO
VOVO
_ 
■■ •
0° 45° 90°
1 0.023 0*035 0.043 900 1 0,020 o.c
2 0.025 0.040 0,050 1030 1930 5.4 2 0.020 o.c
3 0*023 0.037 0,047 950 3 0,020 o.c
4 0*017 0,027 0.040 740 1690 4.7 4 0.015 o.c
5 0.010 0.017 0.025 450 5 0.010 o.c
6 0.010 0,013 0,015 340 790 2.2 6 0,007 • o.c
7 0.007 0.007 0.010 210 7 0.005 o.c
8 0.005 0,007 0,007 170 380 1,1 8 0.005 o.c
9 0.003 0,005 0.005 120 9 0.003 o.c
10 0.003 0.005 0.005 120 240 0 .7 io 0.003 O.C
11 0.00 0.003 0.003 50 - 11 0,003 o.c
12 0.00 0,00 0.00 .. 0 50 0 .1 12 0.00 o . c
5080 ' - 14.2
■"■"■"I.... ■
EXFEREMT NO , 68
1 0.037 0.C40 0.043 1060 1 O.O3O 0,0
2 0.025 0.040 0,053 1040 2100 3*6 2 0.035 0.0
3 0.023 0.043 0.055 1080 3 0,040 0,0
4 0.023 0.040 0.055 1040 2120 3,6 4 0.037 0,0
5 0*023 0,040 0,055 1040 5 0,035 0.0
6 0.020 0,035 0.045 900 1940 3,3 6 0.030 0.0
7 0.020 0,030 0,040 790 7 0,027 0.0
8 0.017 0,027 0.035 700 1490 2*5 8 0,020 0,0
9 0.015 0.025 0.033 650 9 0*015 0.0
10 0.013 0.020 0,027 530 1180 2.0 10 0.010 0.0
11 0.010 0.017 0.025 450 11 0.007 0,0
12 0.005 0.015 0,025 400 850 1.4 12 0,007 0.0
9680 ■ s 16*4
«
TABLE 1 0 :  DIAPHRAGM EffiOMETER READINGS, RADIA
EXPERIMENT NO* 70,
1 Thermopile Readings m.v* Radiation per Radn.
Hole Angle of Sighting 6 ” l f Eff
No.
0 ° 45°... 9 0 °
B*T.TJ1S/hr. %
1 0 . 0 7 0 0 . 0 7 0 0 . 0 6 5 1 8 2 0
2 0.075 0 . 0 7 5 0.08$ 2010 3830 6 . 4
3 O.O6 5 0 . 0 6 5 0 . 0 6 7 1730
4 0.053 0 . 0 5 7 0 * 0 6 5 1330 3260 3.4
5 0.045 0 * 0 5 0 0 , 0 6 0 1330
6 0.040 0.GA5 0 , 0 4 5 rufc) 2510 4.2
7 0.035 0.037 0 . 0 3 7 9 6 0
8 O.O3 3 0*035 0 . 0 3 5 9 1 0 1870 3.1
9 0.025 0.027 0 . 0 2 7 7 0 0
10 0.020 0.023 0 . 0 2 5 6 1 0 1310 2,2
11 0.015 0.017 0,020 4 5 0
12 0.010 0.013 0*013 3 2 0 770 1.3
1 3 3 3 .0 ss 22.6
SXEERWm: no. 7 3
1 0.043 0*053 0 , 0 6 3 1 4 0 0
2 0.037 O.O5 7 0.080 1 3 3 0 2 9 3 0 6,3
3 0.053 0.053 0 , 0 6 7 1 3 6 0
4 0.030 0.047 0 . 0 6 0 1 2 1 0 2 5 7 0 3.3
5 0.025 0.037 0 . 0 5 3 1 0 0 0
6 0.025 0.033 0 . 0 4 5 9 0 0 1 9 0 0 4,1
7 0.023 0 . 0 3 0 0 . 0 4 0 820
8 0.020 0.027 0 . 0 3 5 710 1 3 3 0 3.3
9 0.017 0.025 0 , 0 2 7 6 2 0
10 0 . 0 1 7 0.020 0 . 0 2 3 330 1 1 3 0 2,4
11 0.015 0.015 0 . 0 1 7 410
12 0.015 0.013 0 . 0 1 5 360 7 7 0 1.6
L0,850 S3 23.2
SXPERUra? NO, 7 6
1 0.020 0 . 0 4 0 0 . 0 5 5 1030
2 0.020 0 . 0 3 3 0 * 0 4 7 870 1900 7.0
3 0.017 0 . 0 2 5 0 , 0 3 5 630
4 0.015 0.020 0 . 0 2 5 530 1180 4.3
5 0 . 0 1 3 0.015 0,017 400
6 0.010 0.010 0.013 290 690 2 . 5
7 0 . 0 0 7 0 . 0 0 7 0 . 0 1 0 210
8 0 . 0 0 5 0 . 0 0 5 0 . 0 0 7 150 360 1.3
9 0 . 0 0 5 0 . 0 0 5 0 . 0 0 5 130
10 0 . 0 0 3 0 . 0 0 3 0 , 0 0 5 90 220 0.8
11 0 . 0 0 3 0 . 0 0 3 0 . 0 0 3 80
12 0 . 0 0 0.00 0 , 0 0 3 30 110 0*4
4A£>0 SS £6.3
EXIERIMKNT NO* 71
Thermopile Readings m*v. Radiatio;
Hole ■ Angle of Sighting 6!*
No. 0° 45°
__0
9 0
B.T.U’s/l
1 0.073 0.080 0,085 2100
2 0.067 0.077 0.087 2030
3 0,065 0 , 0 7 0 0.080 1870
4 0,057 O.O5 7 0.073 1 6 1 0  .
5 0.037 0.045 0,060 1240
6 0.025 0.037 0*059 980
7 0 , 0 1 7 0,025 0.037 690
8 0 . 0 1 0 0.017 0.030 4 9 0  :
9 0 . 0 0 7 0.015 0*025 4 1 0
10 0 . 0 0 5 0.013 0.020 3 4 0
11 0 , 0 0 5 0,013 0.017 3 2 0
12 0 . 0 0 3 0 , 0 1 0 0.013 240
.2,320
EXPERIME.NT NO. 74
1 0 . 0 3 5 0.037 0.045 1020
2 0 , 0 2 7 0 . 0 4 0 0,053 1060
3 0 . 0 2 5 0,040. 0.053 1040
4 0 , 0 2 0 0*033 0,047 870
5 0 , 0 2 0 0.027 0 * 0 3 7 740
6 0 . 0 1 5 0.023 0 . 0 3 0 610
7 0 . 0 1 0 0.017 0 . 0 2 5 . 450
8 0 , 0 1 0 0.013 0.020 370
9 0 , 0 0 7 0,013 O.OI7 330
1 0 0 . 0 0 7 0 . 0 1 0 0 . 0 1 5 250
11 0 , 0 0 5 0 .0 0 7 ’ 0,013 210
12 0 . 0 0 5 0 , 0 0 7 O.O0 7 . 170
7120
TABLE 1 0 : PIAEHRAGM BffiOMETER BB/vDING-S, RADIATION
EXPERIMENT NO, 77
Thermopile Readings m,v. Radiation per Radn,
Hole Angle of Sighting 1* Effn,
No, 0° 45°
00as B.T.IJts/hr. fo
1 0 , 0 3 0 0.047 0.060 1270
2 0.025 0.035 0.C43 910 2180 8.0
3 0.020 0.025 0.030 6 6 0
4 0,017 0.017 0,020 480 1140 4.2
5 0 , 0 1 5 0.015 0.013 380
6 0 , 0 1 0 0 . 0 1 0 0 . 0 0 7 2!f0 6 2 0 2.2
7 0 , 0 0 7 0.007 0.005 . 170
8 0 , 0 0 5 0 , 0 0 5 0 . 0 0 5 130 300 1.1
9 0 . 0 0 3 0 . 0 0 3 0,003 80
10 0 . 0 0 0.00 0.00 0 80 0,3
11 0 . 0 0 0 . 0 0 0,00 0
12 0 , 0 0 0.00 0,00 0 0 0,0
. 4 3 2 0 S 3 15.8
EXFERIMENr NO, 80
1 0 , 0 1 3 0,015 0,017 4 0 0
2 0 , 0 1 0 0 . 0 2 3 0 . 0 3 3 580 980 3,7
3 0 , 0 0 7 0 . 0 1 7 0 . 0 3 0 480
4 0 . 0 0 7 0 . 0 1 5 0 . 0 2 3 4 0 0 880 3.3
5 0 . 0 0 5 0 . 0 1 0 0 . 0 1 3 250
6 0 , 0 0 5 0 . 0 0 7 . 0 . 0 1 0 180 430 1,6
7 0 . 0 0 3 0 . 0 0 5 0 . 0 0 7 130
8 0 . 0 0 3 0 . 0 0 3 0 . 0 0 5 90 220 0,8
9 0 , 0 0 0 . 0 0 3 0 . 0 0 3 50
10 0 . 0 0 0 . 0 0 0.00 0 50 0.2
11 0 . 0 0 0 . 0 0 0.00 0
12 0 . 0 0 0 . 0 0 0,00 0 C 0
2560 smm
EXEERBffiNT NO. 83
1 0 . 0 3 0 0.025 G . 0 1 7 6 3 0
2 0 , 0 2 7 0.025 0 . 0 2 5 670 1 3 0 c 4.0
3 0 . 0 2 3 0,023 0 . 0 3 3 670
4 0 . 0 1 7 0.020 0 , 0 3 3 590 1 2 6 c 3.9
5 0 , 0 1 3 0.017 0 . 0 2 7 ‘ 490
6 0.013 0.017 0,020 450 9 4 0 2 , 9
7 0 . 0 1 0 0 . 0 1 3 0 . 0 1 5 340
8 0 . 0 0 7 0 . 0 1 3 0.015 320 660 2,0
9 0 . 0 0 5 0 . 0 0 7 0 . 0 1 0 180
10 0 . 0 0 3 0 . 0 0 5 0 , 0 0 7 130 310 0,9
21 0 . 0 0 3 0 , 0 0 5 0 . 0 0 5 120
12 0.00 0 , 0 0 3 0 , 0 0 5 80 200 0 . 6
4670 2 = 14.3
EXEBRD.CBNT NO, 78
Thermopile Readings m.v. R adiati
Hole Angle o f  S ighting 6*
No. 0° 45° 90°
B. T, U1 s
1 0,030 0 , 0 4 3 0 . 0 5 3 1110
2 0.020 0 . 0 3 5 0 . 0 5 0 920
3 0.017 0 . 0 3 0 0 . 0 4 3 790
4 0.010 0.020 0.027 5 0 0
5 0 , 0 1 0 0.015 0.020 400
6 0 . 0 0 7 0 . 0 1 0 0.015 280
7 0 , 0 0 7 0 . 0 0 7 0 , 0 1 0 , 210
8 0 , 0 0 5 0 , 0 0 5 0 . 0 0 7 120
9 0 . 0 0 5 0 . 0 0 5 0 * 0 0 5 130
1 0 0 . 0 0 3 0 . 0 0 3 0 . 0 0 5 90
11 0.00 0 , 0 0 3 . 0 , 0 0 5 50
12 0,00 0 . 0 0 0 , 0 0 3 30
4 6 3 0
EXEERIMENT NO. 81
1 0 . 0 1 3 0.017 0,017 420
2 0.020 0.035 0 . 0 3 5 820 :
3 0 . 0 1 0 0.015 0 . 0 2 5 420
4 0 . 0 1 0 0.015 0.023 420
5 0 . 0 1 0 0 . 0 1 0 0 . 0 1 7 320
6 0 . 0 0 7 0 . 0 0 7 0 , 0 1 0 a o
7 0 , 0 0 5 0 . 0 0 5 0 . 0 0 7 1 5 0
8 0 , 0 0 3 0 , 0 0 3 0 , 0 0 5 9 0
9 0 . 0 0 3 0 . 0 0 3 0 . 0 0 5 9 0
1 0 0.000 0 , 0 0 3 0 , 0 0 3 • 5 0
11 0.000 0.000 0 , 0 0 3 3 0
12 0 , 0 0 0.00 0,000 0
3 0 2 0
TABLE LI: DIAPHRA& PtROMETER READINGS, RADIATI
EXPERIMENT NO. 8 4 ,
Thermopile Readings m,v. R ad ia tion  per R adiation
Hole Angle o f  S:Lghfing 6 " lf E ff ic ie n c y
No* •*0 ° 30° •6 0 ° . 900. i .. JL.TJI* s/hr_._ .Jo 1
1 0 * 0 4 2 0 ^ 0 4 0 0 “ 037 o'033 1 1 2 0
2 0 , 0 7 0 09067 0.063 0.063 1 5 5 0 3070 9.2
3 0,063 0,053 0,053 0,057 I6 5 O
4 0*047 0,043 0,045 0.045 1330 2 9 8 0 8.9
5 0.037 0.035 1 1 0.027 0.027 940
6 0.027 0,025 0.023 0 . 0 2 0 7 1 0 1 6 5 0 4.9
7 0.023 0,017 0,017 0.017 530
8 0 . 0 2 0 0.017 0,015 0.015 5 0 0 1 0 3 0 3.1
9 0.017 0.015 0,013 0.013 410
1 0 0.015 0.015 0,013 0 , 0 1 0 3 8 0 790 2,3
1 1 0.015 0.013 0 . 0 1 0 0 . 0 1 0 350
1 2 0.013 0.013 0 , 0 1 0 0 , 0 1 0 3 2 0 6 7 0 2 . 0
1 0 , 1 9 0 = 30.4
EXPERIMENT- NO. 8 6
0 ° 45 90°
1 0.037 0,033 0 . 0 2 0 1 2 8 0 -
2 0 . 0 3 0 0.025 0.023 1080 2 3 6 0 13.9
3 0.025 0.023 0 . 0 2 0 950
4 0.023 0.017 0.013 7 2 0 1 6 7 0 9,8
3 ; 0.017 0.013 0 . 0 0 7 5 2 0
6 0.017 0.013 0.007 5 2 0 1 0 4 0 6 . 1  .
7 0.015 0 . 0 1 0 0.005 410
8 0.013 0 , 0 1 0 0,005 390 800 4,7
9 0 . 0 1 0 0.007 0.005 2 9 0
1 0 0 . 0 1 0 0.007 0.005 2 9 0 5 8 0 ■3*4
1 1 0.007 0.005 0.005 2 3 0
1 2 0 . 0 0 5 0.005 0.005 210 440 2.6
6890 =s 40.5
3XEERIMEST NO. 88
1 0.037 0.035 0,035 1470
2 0.057 0.055 0.055 2300 3 7 7 0 8,5
3 0.047 0.045 0.050 1940
4 0.043 0.037 0.037 1590 3 5 3 0 7.9
3 0.037 0.023 0.027 1140
6 0 . 0 3 0 0,017 0.020 870 2010 4.5
7 0.023 0,015 0.017 7 2 0
8 0.017 0.015 0 . 0 1 5 640 1360 3*1
9 0.015 0.013 0.013 560
10 0.013 , 0.013 0.013 540 1100 2.5
11 0.010 0.010 0,010 410
12 0.010 0.010 0.010 410 820 1,8
12,590 = 28.3
'Thermopile
Hole Angle 0
No. 0U
1 0.027
2 0.043
3 0,040
4 0.037
5 0.033
6 0.030
7 0,027
8 0,025
9 0,025
10 0.023
11 0,020
12 0.017
1 0.035
2 0.030
3 0.023
4 0.017
5 0.015
6 0.013
7 0,010
8 0,010
9 0.010
10 0 , 0 0 7
11 0 , 0 0 7
12 0 . 0 0 5
1 0 . 0 3 0
2 0 , 0 4 5
3 0 . 0 4 3
4 0 , 0 4 3
5 0 . 0 3 7
6 0 . 0 3 5
7 0.033:
8 0.033
9 0,030
10 0.027
11 0,025
12 0,023
EXPERIMENT NO. 90
TABLE 11; DIAPHRAGM PYROMETER READINGS, RADIA
EXPERIMENT NO. 91
Thermopile le a d in g s  m, v R ad ia tion  per Radn,
Hole Angle o f  S ig h t in g : 6" 1 * E f fn .
No$ 0° 45° 90° ; B.T.U ’ s /h r . %
1 0.025 0,023 0,025 . 990
2 0.045 0.040 0.043 1740 2730 5*6
3 0.037 0.037 0,040 1570
4 0.035 0,033 0.035 1410 2980 6 .1
3 0,030 0.027 0.027 1160
6 0.027 0.025 0,023 1030 2190 4.5
7 0.025 0,023 0.017 910
8 0.020 0.020 0.015 790 1700 3.5
9 0,015 0.015 0.015 620
10 0,013 0.013 0.013 540 1160 2,4
11 0.010 0,013 0.013 500
12 0.007 0.010 0,010 370 870 1 .8
11,630 = 23.9
EXPERIMENT NO, 93 V
1 0,030 0.023 0,023 .1030
2 0.043 0.040 0,040 1700 2730 9.7
3 0.040 0,040 0,043 1700
4 0.033 0.033 0,038 1410 3110 11.0
3 0.030 0.030 0.030 1240
6 0,023 0.023 0,030 1030 2270 8,0
7 0,020 0.020 0.017 790
8 0.017 0.017 0.015 680 1470 5*2
9 0.015 0.013 0.013 560
10 0.013 0.013 0,013 : 540 1100 3.9
11 0.010 0,010 0.013 460
12 0,007 0,007 0*010 330 790 2,8
11,470 = 40.6
EXPERIMENT NO. 96
1 0,033 0.030 0,030 1280
2 0.037 0*037 0,040 1570 2850 6,3
3 0.040 0.040 0.045 1700
4 0.040 0.037 0,043 1610 3310 7*3
3 0.037 0.035 0.037 1490
6 0.035 0,030 0.035 1340 2830 6.2
1 0.033 0.027 0.033 1240
8 0,027 0.025 0,027 1080 2320 5.1
9 0.025 0.023 0.025 990
10 0.020 0,020 0,020 830 1820 4.0
11 0.017 0,017 0.017 700
12 0.015 0,015 0.015 620 1320 2.9
14,450 = 31.99S
Thermopile Readings m.v. fed
Hole Angle of Sighting
No, 0° 45° 90°
B.T
1 0,040 0,040 0.037 16
2 0.057 0,055 0.055 23
3 0,050 0 . 0 5 0 0,047 20
4 0.047 0.043 0.043 18
5 0,040 0,040 0.037 16
6 0.035 0,035 0.033 14
7 0.030 0.033 0,033 13
8 0,025 0,027 0,027 11
9 0.023 0.025 0,023 9
10 0.020 0.020 0.017 %
11 0*017 0.017 0.015 6
12 0.015 0.015 0,013 6 
.6,2
: EXPERIMENT NO. 94
i 0.030 0.027 0,027 11
2 0.040 0,037 0.037 15
3 0,037 0.035 0.035 14
4 0.030 0.030 0.027 12
5 0,025 0,023 0,023 ■9
6 O'. 020 0.017 0.017 :7
•7 0*015 0.013 0,013 P
8 o', 013 0,010 0.010 4
9 o;oio b.oio 0,010 4
10 0*010 0.OQ7 0.007 3
11 0*007 0,005 0.005 2
12 O'* 005 0,005 0.005 '2
9,3
EXPERPvENT NO. 97
1 0.025 0.023 0.023 9
2 0,037 0,037 0,033 14
3 0,037 0.037 0.033 14
4 0.035 0.033 0.030 13
5 0.025 0.025 0,023 10
6 0.020 0,020 0.017 -7
7 0,017 0.017 0*015 6
8 0,015 0.015 0.015 6
9 0.013 0,013 0.013 5
10 0,013 0.013 0.013 5
11 0.010 0.010 0.010 4
12 0.010 0.010 0.010 4
..10,3
TABLE 13 : RESULTS FOR AERATED E
Primary Air to Gas Ratio* 1.4
Burner tube diameter ins.
0,75 1
Mixture Velocity ft/sec*
5 ; 12 15 9 12 15
Heat Input Excess Air v
1000 BTU/hr. 20% 20,5 26,8 33.9 36,4 48.7 60.7 V
60 21,6 27.6 34,6 36,2 48,5 58,7 it
!■ 100 20,1 27.4 34,0 37*0 50.1 59.5 11
Efficiency %
Cal, 1. 20 21,9 15,9 11,6 12,0 7.2 4.7 51
60 18.4 12,0 8.5 9.6 5.0 3.6 2
100 18,6 10.9 5,8 7*5 4.4 3.3 2(
Cal. 2. 20 18,2 16,8 14.4 12,4 10,4 9,3 2(
60 15*9 1 6 , 6 14.5 13.9 9*4 8,1 2<
100 17.7 15.6 12.0 12,2 9*0 7*4 15
Cal* 3. 20 ' 12.0 12,4 11,2 10,5 8 . 4 8.3 i:
60 11.0 10.7 10,9 10.2 9.5 9.2 11
100 11*3 13.0 11.3 9,7 9,2 9*5 1(
Cal* 4* 20 9*3 10,8 10.1 9,0 8.1 7*6
60 9.2 9.4 ■9.6 9.3 9.4 8*9
100 9,5 9,8 9,0 8,6 7.7 8,6
Cal* 5* 20 7.0 8.5 8.6 7.9 7,4 6,9 t
60 6.5 7,8 7.6 7.7 7.5 7*1 (
100 7.4 ; 7.5 ; 7.6 7,3 7^0 7,8
-Cal* 6, 20 5,4 6,6 7,0 6.9 6,9 6,7
60 5.2 6,8 6,4 7,1 6.5 6.5 2
100 6,0 6,4 6,4 6,2 6.2 6,7 t
Total 1 - 6 . 20 73.8 71.0 62.9 58*7 48,4 43,5 82
60 66,2 63.3 57.5 57,8 47.3 43*4 82
100 70.5 63.2 52.1 51.5 43.5 43.5 7!
Total 1 - 9 20 83.4 83.7 77# 9 73.6 65.6 60,6 93
60 75.2 76.5 72.5 73.9 63*5 59.1 9C
100 82.9 77*3 67.1 66,1 58.3 58.9 8£
Total 1 -12 20 87.9 9 0 . 8 86*4 83.1 77*5 72.9 9*
6 0 80.1 84.0 82,2 84.0 75,2 71.5 92
100 90.7 86*4 77*6 76.4 69*7 71.1 92
Flame Length, 20 42 57 60 63 72 75
ins* 60 42 48 63 72 72 72
100 45 60 54 60 6 3 72
: *
Flue Height,ins, 20 39 21 21 36 57 108 f
(12ft, tube) 60 42 48 45 51 134- 192
100
.
30 45 81 93 168 210
TABLB J A i RESULTS FOR TO-AERATED FLAMES (1ST SERIES).
Gas Bressure ins.wg* 0.5 • 1.5 2*5
Jet Diameter ins. . 1 6 6 *189 .209 .166 *189 * 2 0 9 .166 ,189 * 2 0 9
Heat Input • 
1000 B.T.U/hr#
Excess Air 
2Cf0 14*9 20.6 25.0 28.2 38*3 44.7 37.4 4 6 . 6 58*460 18.2 18*9 23.9 : 28*1 37.7 46.3 37.5 45.9 58.9
100 17*9 20*0 ' 24*6 26*7 J 6*2_ 4 6 . 4 17*6_ 50.7— ^
7.2
6 0 , 5
Efficiency 20 3 0 . 2 22.4 17.9 13.1 9*2 8*1 9*7 6 , 1
ft s 60 20.5 21*7 15.6 12,2 10*2 9,6 7.3 6 . 5 9,8
Cal. 1, 100 20.2 a .5 13.6 11.2 6,6 5.1 6*4 5*3 4.7
2, 20 23*9 19.8 20.7 18*4 16*5 1 6 . 2 16.3 14.0 13,2
6 0 22.4 20*4 22.2 19.0 14,5 12.2 14.0 13.1 11.9
100 22.1 19*7 17.3 15.9 14.2 13.1 12.8 12.5 11.5
3. 20 12.0 11.9 13.3 12.0 11,6 11.2 11*0 10*9 10*7
6o 11*6 10.5 14*4 10.9 10.7 10.1 9.8 9.0 9.9
100 12.8 10*9 11*4 11,0 9*4 9.0 9,3 9.4 9,4
4, 20 10*0 9*7 10*3 10*2 9.4 9.7 9*1 8.7 8 * 4
60 10*0 9.3 9.5 9.5 9.6 7.8 ■ 8 . 4 7*4 8.3
100 9*6 9.2 8.7 9*4 8.3 7,7 8,2 7*3 6 . 7
5.. 20 6.0 6*8 7.8 8.0 7.7 7.9 7.4 7.6 7.3
60 7.0 7.1 6.6 7.4 8.0 7.1 6*8 6*7 7*2
100 6*7 6.1 6.9 7*4 7.4 6.6 7.1 6.6 5.9
6*. 20 4*3 5*3 6* 2 6.6 6.7 6,8 6*2 6.6 6 * 0
60 5.1 5.3 5.9 6.5 6.9 6.1 6 * 0 5.9 6 * 2
100 5*5 4*9 5.6 6.5 6,5 5.7 5.8 6 * 0 5.3
Total 1-6. 20 86*4 75.9 76.2 68.3 6 1 . 1 59.9 59.7 55.0 5U7
60 76*6 74.3 74.2 6 5 , 5 59*9 52.9 52,3 4 8 , 6 53.3
100 73.9 72.3 63.5 6 1 . 4 52.4 47.2 49.6 47*1 43*5
Total 1-9. 20 93.3 85.1 88*8 82*0 74.6 74*9 74*1 70*3 65.4
6o 87.0 ‘ 84.7 81*4 78.4 75.7 67.0 6 6 . 7 63*0 67*£
100 87.4 83.2 76.5 76.9 67*1 61*0, 62.8 60*7 57.£
Total 1-12. 20 97.2 89*4 94*7 89,6 83.7 84,9 82*8 : 80,8 76.C
60 92*8 91.1 86.3 85.8 85.5 77.1 77.0 73.6 78.3
100 93.5 ■ 90*4 84.7 87.8 77*8 7 2 * 2 7 2 * 0 72.5 69.1
Flame Length 20 33 42 54 42 5k 57 54 6 3 . 72
ins* 6 0 33 39 54 45 48 51 36' 51 48
100 30 42 36 : 39 42 4 8 4 2 39 48
Flue Height ins. 20 « . 45 21 12 24 36 24 33 66
(12 ft. tube) 60 24 27 39 24 24 6 9 48 96 171
100 12 42 39 39 75 150 93 171 2 4 0
TABLE 1 5 : RESULTS FOR AERATED AND
j---- .
I Expt.
No.
[ Heat Input 
t 1000 Biu/hr*
Excess
Air
f0
Heat Outputs, BTU/hr,
, Total Bad Convec*
Total 
Eff *
. . .  J L ;  .
1st
ft.
Radiation 
2nd 3^1 
ft, ft.
Efficiei 
4th 5i 
ft, fi
Aera
64
ted flames*
37*3 20 24,000 8090 15,900 64 7.5 5*5 4.0 2*5 1,
65 37*1 100 20,400 7470 12,900 55 7*0 5*0 3*5 2.5 l«
66 35*8 20 21,200 3080 16,100 59 5.5 4.5 2.0 1,0. ■0,
67 35*4 100 19,700 4900 14,800 56 5.0 4*0 2*5 1.5 o,
68 59*0 20. ‘ 28,800 9680 19,100 49 3.5 3.5 3.5 2.5 2,
69 59*5 100 27,700 10310 17,400 47 . 3.5 4*0 3.5 3*0 2,
TO 59*9 go 31,700 13,550 18,100 53 6*5 5.5 4.0 : 3.0 2|
7L 59.9 100 29,700
27,000
12,320
9,340
17,400 50 7.0 6,0 3.5 2,0 1,
72 47.1 100 17,700 57 6,0 5.5 3.5 2 * 5 1,
73 46*7 20 28,500 10,850 17,600 6 1 6.5 •5.5 4.0 3*5 2,
74 48*4 20 2 6 , 7 0 0 7,120 19,600 55 4.5 4.0 3.0 1.5 1,
75 47.9 100 25,100 7,120 18,000 52 4.0 - 4.0 3.0 2.0 1.
76 27*3 100 15,600 4 , 4 6 0 11,100 57 7*0 4.0
4.0
2*5 1.5 1«
77 27*3 20 16,700 4 , 3 2 0 12,400 61 8.0 2.0 1 . 0 0 ,
78 25*8 100 24,100 4 , 6 3 0 9,500 55 8.0 5.0 2.5 1.5 1,
79 25*9 20 16,500 4 , 2 7 0 12,200 6 4 7.5 4.0 2*5 1.5 0,
80 2 6 . 8 20 17,100 2 , 5 6 0 14,500 64 3*5 3.5 1.5 1,0 0,
81 '2 6 * 8 100 24,600 3 , 0 2 0 11,600 55 4*5 3.0 2,0 1.0 0,
82 32*5 20 20,600 4 , 7 3 0 15,900 6 4 4.5 4.0 2,5 2.0 1,
83 32,6 100 19,800 4 , 6 7 0 15,100 6 1 ■ 4.0 4.0 3.0 2.0 I *
Non-
84
aerated flames, 
33.5 100 1 6 , 6 0 0 1 0 , 1 9 0 6 , 4 0 0 49 9 9 5 3
i
d
85 48*4 20 2 6 , 2 0 0 14,210 12,000 54 5 7 6 5 L
86 17*0 20 12,600 6,890 5,700 74 14 1 0 6 5
87 17*0 100 10,400 6,620 3,800 61 15 9 5 ■ 4
88 44*5 100 22,800 12,590 10,200 51 8 8 5 3 i
89 56.3 20 32.200 18,400 13,800 57 5 - 7 6 6 1
90 48*7 100 23,800 11,630 12,200 49 6 6 5 4
t
l
91 44*5 20 26 ,;200 16,260 9,900 59 9 9 7 5 I
92 56.3 100 23,800 13,340 1 0 , 5 0 0 42 5 6 4 3 ■ ^
93 28*3 20 18,300 11,470 6,800 6 5 1 0 11 8 5 1
94 3 0 * 0 100 15,600 9,300 6 , 3 0 0 52 9 9 6 3 ■ „
95 31*9 20 19,300 9,500 9,800 61 9 7 5 4 ■ „
96 45.3 20 2 2 , 3 0 0 14,450 8,000 50 6 7 6 5 2
97 44*6 . 100 2 1 , 7 0 0 10,320 11,400 49 5 6 4 3 -
TABLE 11: EQUATIONS BOR HEAT TRANS;
AERATED FLAMES (FROM ORTHOGONAL ANALYSES)
0
Calorimeter
No, Equation ; Efficiency, % =
1 65.0 - 48,6D + A (34.8 - 17.8D) - V  (6.70 - 0.138V + 0.87A - 3,67
2 36,6 - 23.OD + 4.2A - 0.677 - 0,019 E
3 17.4 - 7.9D + 1.5A - 0.257
4 11.7 - 3.QD
5 7*3
6 6,2
NON AERATED FLAMES (FROM ORTHOGONAL ANALYSES)
Calorimeter
No, Equation : Efficiency, % =
1 70.3 - P(26.1 - 81.4J --1.41P) - 226.3J - 0,041 E
2 36.9 - 3.8P - 68.41 - 0.028 E
3 13.5 - 1.02P - 0,018 E '
4 14.5 - 0.77P - 18.9J - 0,014 E
5 6.0 +P(2.0 - 0.63P)
6 4,8 +P(1.1 - 0.27P;
EQUATIONS FOR HEAT TRANSFER TO INDIVIDUAL CA3
Calorimeter
No.
' AERATED FLAMES . « •
Equation ; Efficiency, % e ,. Standard 
; Deviation*
Equation
No. • Ec
1 75.7 ~ 42 log R - 0 . 0 5 8  E 2,1 40 6i
2 48.0 - 22 log R - 0.019 E 0.8 41 4*
3 23,4 - 9,0 log R 1.0 42 U
4 11.8 - 1.8 log R 0.8 43 u
5 5.0 + 1,6 log R 0.6 44 (
6 1.6 + 3 log R 0.5 45
